34524

I* National Library Bibiiothdque nationale CANADIAN THESES THESES CANADIENNES
of Caada 4u Canada ON MICROFICHE SUR MICROFICHE

A

G ECRGE Yot O NG )/EU/\/(7‘

NAME OF AUTHOR NOM D ( TAUTEUR

SENSITIVITY ANALYSIS OF Bo7Torf - HoLE

TITLE OF THESIS T/TRE DE LA THESE

PRESSURE CALCULATION METHIDS N .
FLoIMG GRS (WELLS

UNIVERSIPY  OF ALBERTA [

UNIVERSITY UNIVERSITE

DEGREE FOR WHICH THESIS WAS PRESENTED - ) M S‘
GRADE POUR LEQUEL CETTE THESE FUT PRESENTEE . . C .

YEAR THIS DEGREE CONFERRED. ANNEE D'OBTENTION DE CE GRADE / ? 7] F

e \ ) . .
NAME C\F SUPERVISOR'N(;?DU DIRECTEUR DE THESE PK)OF P M- D’QAA/C//UK .
A ‘ ,

\ :

./ '
Permussi;:j'n is hereby granted to the NATIONAL LIBRARY OF L’autorisation est, par la présente, accordée 3 la BIBLIOTHE-

f . . .
'CANADA to microfilm this thesis and to fend or sell copies QUE NATIONALE DU CANADA de microfiimer cette thése et

of the film. ' ' de préter ou de vendre des exemplaires du fi/m.. ) «
The author reserves other publication rights, and heither the L’auteur se réserve \./es autres droits de publication; ni la
. " t A Y
thesis nor extensive extracts from it may be printed or other- théseni de longs exrra/'fs de celle-ci ne doivent étre imprimés
wise reprOdu_céd without the author’s written permission. ou autrement reprédu_its sans I’autorisation écrite de ['auteur.
oatep/oari 2T >t 1377 SIGNED;S/éNf /é'é//’/t %M ‘\\ N§‘
, /4 J 7V /4 \ i

\

YA Qﬂ[EA/Séﬁ/VO C/RCLE SE

PERMANENT ADDRESS/RESIDENCE FIXE

CALGARY | ALBERTH . \




» l* National Library of Canada

Cataloguing Branch
Canadian Theses Division

Ottawa, Canada ;
K1A ON4

’ NOTICe

The quality of this microfiche is heavily dependent upon
the quality of the original thesis submitted for microfilm-
ing. Every effort has been made to ensure the highest
quality of reproduction possible.

If pages are missing, contact the university which
granted the degree.

Some pages may have indistinct print especially 1f
the original pages were typed with a poor typewriter
ribbon or if the university sent us a poor photocopy.

Previously copyrighted materials (journal articles,
published tests, etc.) are not filmed.

Reproductionin full or in part of this film is govefned
by the Canadian Copyrigh® Act, R.S.C. 1970, c. C-30.
Please fead the authorization forms which accompany
this thesis.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

Bibliotheque nationale du Canada

Direction du catalogage
Division des t,héses canadiennes

o AVIS

LS

°

La ¢ .nté de co 2 microfiche depend grandement de la

gL itédelrt  soumise au microfilmage. Nous avons’
tc i .arer une qualité supérieure de repro-
de fion T

S i inaque des pages. veuillez communiquer. avec

'université qui a confere le grade.

La qua;(,té d'impression de certaines pages peut
laisser a désirer. surtout si les pages originales ont été
dactylographiées a l'aide d'un ruban usé ou si l'universite
nous a fait parvenir uneghotocople de mauvaise qualité:

Les documents qui font déja |'objet d'un ¢ au-
teur (articles de revue, examens publiés, etc.)r=s.y oas
microfilmes.

Lareproduction, méme partielle. de ce microfilm est
soumise a la Loi canadienne sur le droit d auteur, SRC
1970. c. C-30. Veuillez prendre connaissarce des tor-
mules d autorisation qui accompagnent cette thése.

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE



THE UNIVERSITY OF ALBERTA

SENSITIVITY ANALYSIS OF BOTTOM-HOLE PRESSURE

CALCULATION METHODS IN FLOWING GAS WELLS

1 by _
(;Ei:) GEORGE CHAN-CHUNG YEUNG
) | _ , ’
. A THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARC
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE

OF MASTER OF SCIENCE
in P
PETROLEUM ENGINEERING
(o)

DEPARTMENT OF MINERAL ENGINEERING

. EDMONTON, ALBERTA

FALL, 1977



THE UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCH

The undersigned certify that they have read, and recommend ‘
‘(&( | _to the Faculty of Graduate Studies and Research for acceptance,
~a thesis entitled "SENSITI\ITY ANALYSIS OF‘BOTTOM-HOLE PRESSURE ~ -
'CALCULATION'METHODS_IN FLOWING GAS WELLS," §Gbmitted'by;George |
Chan-Chung “Yeung, in partialrfdjfilment‘bf the requirements for -

the degree of Master of Science iniPetro1eum Enginéering.

-

Date

iii



ABSTRACT

The effect of changes in 1hput variables on the ca]cuTated
bottom-hole pressures of flowing gés‘we11e for s%x different calcu-
lation methods were investigated. The si* methods studied were:

1. Average Temperature and Average Compressibility

Factor Method \
2. Average Dehsity Method
3. Cullender and Smith Method
4. ﬁoettmann Method
5. ‘Sukhar and Cornell Method
| 6. Dranchuklaqg'Mcharland Method
‘Both the analytical and numerica1 approaChes were used. Numerical
sb]utionsanq computer brograms were,develhpedjfor all the six methods.
However; ana]ytice11501utiuns were‘ueve]oped dﬁ]y for methods 1 and 2.
| The input var1ab1es stud1ed were we]L\uepth flow rate, well-

head-pressure, bottom-hole temperature wellhead temperature, gas
gravity and absolute pipe roughness The error introduced by us1ng‘
1linear 1nterpo]at1on of tabulated 1ntegra] va1ues in the Poettmann and
in the Sukkar5Corne11_Method was also studied.

For hethods 1'andm2,~the results obteiqed'using'the ahélytiéa]-
and numerical apbroach are in good agreeheht . For-all the methods
Hstud1ed ‘the results showed that the calculated bottom hole pressure

1s most sens1t1ve to var1at1ons in we]]head pressure and least sens1—.l

t1ve to temperature var1at10ns. The errar introduced by using linear

iv



intekpo]ation in.fhe Poefthanh Method in the pressure and temperé—

ture range-studied in this work is small and thus linear interpola-
tfon_can-be used.with confidence when hsihg this method. However,

this procedure is not recommended for use in the‘Sukkar—Corne11

Method, for the error introduced is significant.

{
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CHAPTIH 1

INTRODLLTION

Bottom-hole pressure can be leter-ined either by measurement |
with a bqttom-ho1e pressure gauge or b calculation. Since mea .urement
with a bottom-hole pressure gauge is ¢ostly, ospecia]iy'for deep wells,,
calculation of bottom-hole preséure is to be preferrea“when_possib]e.

- "‘Most of the calculation methods preserfly availaple ere based on the
mechan¥cal energy balance or the qenérgj f1ewheqﬁation' Varying the
assumptions in solving the f]ow equat10n has led to many d1fferent
bottom-hole pressure ca]cu]at1on procedures In a]] the methods, we]] t
effluent compos1t1on or grav1ty, wellhead pressure, flow rate, well.
depth and well bore temperatures are factors that must be known before
calculating the bottom-hole pressure. | ’

The most widely used and recently deve1oped methads are:

1. Average Temperaturé‘and Average Compressibi]?;y

Factor Methed | | ‘

2. Average Dengity Method

3. Cullender and Smith Method - e

4. Poettmann ﬁethod T | | ‘  772“

5. Sukkar and'Corne]1‘MethQﬂ |

6. - Dranchuk and McFarland Method ]

: For Methods 1 and Z,Za closed-form solution is évaflaBTe and‘

thus analytical methods were derelobed to sd)ve the flaw eqdatjon for .

these two cases. For the remaining four methods, Leibniz's formula

may be used to differentiate under the integral sign. If this

1



( . ‘
approach is taker’, ana]yf*&g] equations can he developed for these

" four cases as well. However, the resulting equations wfl1 still havé
to be integfﬁ%ed and, consequentiy very little is gained by taking
this approach for methods 3 to 6. Therefore numerical sintions and

%

computer programs were developed for all the six methods to calcu-

-

late the bottom-*inle pressure. 4
A1l the six methods mentionéd were originally developed for

use up to a reduced pressure of ?5 or‘]ess due to the 1imit of
availability of the compressibility factor. This:study has extended
‘all the above methods to calculate bottom-hol= bressure_up-to a
reduced pressure of 30, using a reéent]}«déve]oped, extended compress-
ibility factor calculation technique. Gases containing contaminating
H,S and CO, were handled by applying the Wichert and Aziz [1] pseudo-
critical properties modification method. '_ | dff

| Very.often the bottom-hoYe pressure calculated using the above
methods differs from the meésured value. .This may be due to (a) the
shorfcomings of the method-itseff. and (b) ﬁnaccuracy'in the 1npuf
| data required to do the ca]cu]ationsTj-The objective of this iﬁvesti-
gation is to examine the effect of (b) for all the sjx methods.

| AThe input variables studied were depth, flow rate, wellhead
pres ure. wellhead temperature, bottom-hoie temperature, gas gravity
anc absclute pipe roughness; Thg,gffect :n tie caTcu]ated-bottom—
hole . »s< -e of varying gach»&ariable was studied for all the methods
-mentioned. The effect of absolute pipe roughness was studied for
'Methods 1, 2, 3 and Qg A range of'pfpe roughness was .used as suggested
‘by Cullender and Binkley [2], Smith and Hf]]iams [3] and Smith and

/
i
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Miller [4]. The friction factor corre]at;ﬁn,used in Methods 5 and 6,
which assumes a constant pipe roughness of .06b6 inch, is a function
of pipijgiameter only.. Consequent]y, no attempt has been made to
study(ihe'"ffegt of pipe roughness for these two methods. The effect

of using linear interpolation in the Poettmann and’Sukkar-Corne11

A}

Method was also examined.



CHAPTER 11

(2;\\ LITERATURE REVIEW

A variety of methods has been developed for”ca]cu?ating flowing
bottom—nole pre. ure in gas wells. | |

R.V. Smtth [5] derived an equation for the vertical finw of gas
similar te the Weymouth equatfon (6] for horizontal flow by assuming a
constant effective compress1b111ty factor and constant average temper-
ature. This method is known as the Average Temperature and Average
Compress1b11yty Factor Method.

Rzasa and Katz [7] assumed a constant average pressur temper-

ature and compress1b' factor in calculating static pressure

gradient in ga '
Density Metho¥

Poettmann [8]'der'

s method became known as the Average‘

ed an express1on for ca]cu]at1ng the sand- A

face pressure of flowing ga wells in which the variation with pressure

of the compre551b111ty fagtor of the gas is taken 1nto consideration.
Cullender and Smith [9] developed a workab]e procedure for

ca]cu]at1ng pressures in gas wells and pipelines which makes no

assumpt1onsregard1ng either temperature or compress1b1]1ty Since

no assumpt1ons are made regarding the temperature and compress1b111ty,

this method is believed to give a more accurate prediction of the

bottom-hole pressure.

| A method Presented by Fowler [10] assumes a constant average

temperature and 1nvo]ves integrated values of the gas law deviation

4



factor with pressure. It is a direct method of ca]cu]atiné static
bottom-hole pressure. Sukkar and Cornell [11] exteﬁaga\ﬁew1er's and
Poettmann's methods and presented a general approach for calculating
both static and flowing bottom-hole pfessures for natural gas wells.
However, Sukkar and Cornell only tabu]afed.integra] Va]ues for Py
from 1.0 tb 1?.0 and T, from 1.5 to 1.7 and thus the mefhod,has
limited applicability.

| Dranchuk and McFarland [12] presented a technique for numerically
integrating the differential form of the forée-momentum balance in ‘
order to calculate pressure. profiles in f1owinq gas wells for whiéh
the temberature profiles are known. -The tgchnique is similar to that
preséntéd by Young [13] except that it (a) employs a Qariab]e step-
;}ie,\which reduces the number of steps required whilé increasing
accuracy; (b) allows for the variation of both cqmpressibility and
temperatﬁfé with depth in the kinetic energy ferm; (c) effects inte-
gration in such a ﬁanner ihat both proquction and injection cases hay

be treated with one equation which has no singularities. "

Q



CHAPTER TII1

THEORY

A1l of the methods Studied in this work are directly ar
indirectly derived from the general flow Equation (1) by the
introduction of certain assumptions. The derfvation of éach méthod
may be outlined as follows: .starting with the general flow equation

which may be written as:

2. 2 udu - 2 , ‘ ,
Vdp + = + 4 de  + + W, = 1
fx P ‘ fl 9¢ - 9 fl . & LS 0 N (1)

One may replace V by 1/,, which'reduces the equation to

2 dp 2 udu g 2 -
= 4 + J.ode + + W.= 0 2
flp jl gc ~gc [I Kw( S ()

Since there is no shaft work, w = 0; usually au is small,
consequently methods 1 to 5 assume that the kinetic energy term can
. be taken as zero. By assuming g = g. numerically, Equation (2) can
be rewritten as: \ | | |

NE s fee g0 o

1 P

The Tlost work term, 4y> can be estimated by the following

equation:



The modified gas law states that

PV = ZInRT = i RT | | ' (5)

. . : . * '
Since density, p is ,defined as w/V , one can write

P . - .
P ORRT . (6)

. This equation ‘cdn be rearranged to yield

o

The gas gravity is defined as

M . P ‘ '
gas 'gas B (8)

° 7 Mair | 78.95

B} substituting this éqUation and the Va1ue of R, the .universal
A o
gas constant, into Equation (7), one obtains

Po_ 1545 7T ‘53':34(%_‘[ : ' (9)

o 28.96 G

Equations (4) and (9) can then be substituted into Equation (3).

to yield
2 53.34 7T dP 2 C2 fu? _
fl 5 = P + Ild,e + flmdﬂ —.0 (]9)

» Before integrating, it should be noted that Qo and u are

interrelated through the eXpreséion.v ////

_ Qo(4 x 10§ Po = TZ
Y 7 Teax3e00ymz C Toz, P

(11)



where : ;
Q

u

flow rate in MMSCF/D

velocity in ft/sec. |,
Assuming Zy = 1 and substitUting fquation (11) into Equatibn'
(10), ‘one obtains

2 53.34'TZ dP Qo P T2

2 2
_ + d + - _
J &6 e fl {0.0216 m? - To P

f.' i .

a This equaFion is the starting ﬁoint fdr the derivation'oﬁ
methods 1 to 5. The differénce between thesé methods arises from
:the manner in which the temperature and the combr9551bilifx factorv.
are handled so aé to effect integration. These differences may be

summarized as follows.

1. iAyerage femperature and Average Compressibility Factor Method
| Assumptions involved in this method-are:v |
(a) - Steady—étate flow
& (b)  Single-phase gas flow
.XC) Change in kinetic‘energyyis‘small and
may be neglected |
(d) Constant temperature at some average value  _
2)"  Constant compressibility at some average |
value |
~onstant f: ction factor over the length

af e conduit



Define
a = 53.34 gT> <Z> . (13)
and
~ - : i
' ‘ f <T> <Z> P12
b= [——M ‘ —EJ (14)

29cD° | 0.0216 =T,

ZAN

Substituting T = <T>, 7 = <7> and Equations (13) and (14) into

(12), one obtains

af,'-P-+dz+bg§=o : | (15)

Multiplying Equation (15) throughout by Egz-yie]ds:

dp P . b - - ,
ZtT g0 | | | o {16)

Th1s is an ordinary differential equation and can be solved for

the fo]10w1ng boundary cond1t1ons

L F R =0 ; p o= Py L

t = & =L ; p = p,

The Solution may be written as: . Coe L o
S -2 | - S

P, = Pled b-(ea ~1) : K

- o | a -

By multiplying Equation (]7) throughout by e® yields:

2L : 2L |
2 a 2 a
P, e Pl + b(] - e ) - (18)

ot
[



By defining

2L _ 2GL
a 53.34 <T> <Z>

and substituting b and ¢ into Equation (18), one obtains

S f 2 <T>2 <Z>2 P2
S S S - —0— (1'- &%) (19)
29,D%(0.0216)2 w2T?
If one lets
P0 = 14.65 psia
T, = 60°F = 520°R .
D = d/12;‘where d. = diameter in inches

and”substitutes into Equation (19), one obtains the working equation

for the Average Temperature and Average Compressibility Factor Method,
which is,

05

Pz [ec P:_ N 25 Q36 <T> ;§>“ﬂ_ (e€ -1 )J
c

The method consists of picking an initial guess for P.s
calculatina <Z>, at the average temperature and pressure, and the
frictioﬁ factor :and calculating P, using equation (20). The fesu]t_
is cdmpared‘with the inftia] guessed value. The procedure is
repeated until a match in the value of P, is'obtained. Data required

for this method are gas gravity,_f]ow rate, well depth, flow ﬁipe
idiameter, wellhead pressure, wellhead temperature and boftom-ho1e

temperature.
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2. Average Density Method
Aésumptions involved in this method are:
(a) Steady-state flow
(b) Single-phase gas flow

(c) Change in kinetic energy is sﬁa]] and -

-
may be neglected
(d) Gas density is constant at an average value
<p> = (p1 *+ p2)/2
(e) Friction factor is constant over the length
of the conduit
(f) Velocity of fluid is constant at an average value
i u = <> = y at <p> \
Recall that
24P, 2 fy2
— + de + == df 0 21
foo v ] I} 25 (21)
~and
_ . GPg :
Po ~ 53387, (22)
The average density can be written as:
Pyt o, G Pl P2 7‘ '
<p> = 2 = = +
° 2 . (2)(53.38)% \TiZy  T22» (.23)
Recall that
o i Qs 4 x 00 . Yo% (24)
7D <p> - (24 x 3600)nD? <p>

v

where Qg is in MMSCF/D.



By substituting Equation (23) into Equation (24), one

obtains
4 x 10° QoGPg 2 x 53.34 ]
<u> = . .
(24 x 3600)mD?  53.34 T, e P, P,
v lel ' TZZZ
(25)
‘Substituting <u®> and <p> into 'Equation (21), one obtains
/o 9.374 x 1077 GL ( SIS )
= . X —
1 lel Tzzz
| Q2f 1 \? |
1+ 0 (26)
2 % 0.01087 nTgg D* | P, P,
lel‘ TZZZ
N Integration of this equation and substitution for Ty yields
P -P. = 9 374 1073 6L (2 4 P2
v 2 ) T2, T,Z,
24.99 Q3GLF 1 ' ' -
% . (27)
ds P, P,
lel +‘T222 .

This is the working eqhation for the Average Density Method.

The method of solution is similar to that described in Method 1.
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3. Cullender and Smith Method

Assumptions used in this method are:

(a) Steady-state flow

(b) Single-phase gas f1ow

(c)  Change in kinetic energy is small and
may be neglected

(d) Temperature gradient is known

(e) Constant friction factor over the length

of the conduit

With the above assumptions, Equations (9) and (11) can be

‘-

substituted into Equation (21) to yield

' 2 2
—_— . — + J— =
G podP T AT (0.0216 | \P ) a = 0
| (28)
This equation may Be rearranged to y1e1d
2 1 ‘ Z/P
G [Tde = TZ/ - — dP  (29)
53.34 "1 2 {] LT QoPo TZ) ]
2gcD° 10.0216 T, P
Multiplication of the right hand side of this equation by' |
) 2 2
(27) /(;7). prqguces
GL R ' P/TZ ‘

)

A e
Tz|  2gcD® 10.0276 7T,
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Substituting
g = 9. = 32.174
D = d/12
PO = 14.65 psia
and TO = 520°R
one obtains
GL ! P/TZ :
el 5 / - dP ' (31)
53.34 2 P ‘€6 fQé ] ‘
: T-Z~ | 6.6dT

For convenience, one may define
r
P/TZ

ETTAE Q3
{(ﬁ) + 666.6 FJ

-

in which case Equation (31) can be written as

G jl I dp | - | (32)

¥ This is the working equation for the Cullender-Smith Method.
An evaluation of the integre over defined limits can be accomplished
by numerical means. The method is rather tedious if a large number
of increments is chosen for L. However, the autho¥s ‘suggest th;t by
means of a two-step calculation and the app]ication of Simpson's
Rule, reasonable accuracy can be obtained. Thus equation (32) can

be evaluated numericaﬁ]y using the following form:

26l _ 2ap
53.34 3

(I, + 41 +1) | ' (33)

0
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Laa)

where
P = P, - PO

and
PO = wellhead pressure
P = bottom-hole pressure ( N

The method of solution consists of a trial and error evaluation
of I, 1 and I . The bottom-hole pressure can then be calculated

from Equation (33). o R

4. Poettmann Method

This method employs the following assumptions to derive
practical equations from the basic energy balance:
(a) Steady state-flow
(b) Single-phase gas flow |
(c) Change in kinetic energy is small and
neglected
(d) Temperature is constant at some average value

(e) . Friction factor is constant over the length

of pipe
(f) Velocity is constant at an integrated average value
P P g |

[ udp [ ' udp
PZ PZ

U= > = s (34)
[t ap (P, - P,)
P -~

Equation (21) can be written in terms of <u>
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Combining Equations {11) and (34) and substituting T = -1,

one obtains

QoPy <T> . :
<u> = 90 - [ —dp (36)
0.0216 nTOD‘AP P
where
8P = P - P
., Z\‘
Since
Pr = P/PC
therefore ‘
dP = P_dp (37)
c r
For convenience, one may define
p
: ri 2
I = =— dP
P IO..? Pr Ar
where

I
P

Poettmann integral at point 1

in which sase Equation (36) can be written as

' Py <T> ‘
<yr = QoPo < (1 -1 ) ' (38)
0.0216 nToD2AP ~ Pu P2 -
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» Recall that h‘
1 . 53.3 <T> 14 | B
o ' G P
therefore
1 gp 53.34 : |
@ oo 2394 (1 g
f?, p G ( P1 p?) : . (39)

By substituting Equations (38) and (39) into equation (35), .

one can integrate the resulting equation to obtain

GL . (I,. - 1) _
- pP1 P2
53.34 <15 . o ) (40)
_ 2
1+ ( QoPo <T> \ - 1)
2g:D° 0;0216 mToAP NS P2
By defining
53.34=2T> -
= —_— I - I
XS G - ( P Dz)

and substituting the values of TO and PO into Equation (40), one

obtains the working equation for the Poettmann Method

22,2, 795 . ' '
p - p N 0.2343 QoG XL . ‘ (41)
d°(Xs - L)

Method of solution involves trial and error with procedures

as described in Method 1.



5. Sukkar and Cornell Method

* This method uses the same assumptions as the Cullender and

' Smith Method except it makes the additional assumption that

T = <T> = constant.

as

GL ] - /P

— dP

553 <5 -/,
- ]

, 666.6 Q5 <T>°

dS

PN
obtains w o

GL 1 e,

Hi

Substituting Equation (37) into the above equation, one

dP

53.34 <1> ‘fz

d°p2

For convenience, one may define

666.6 fQ§ <T>?
dspZ.

, 666.6 Q5 <T>2.

z ‘ZJ r

in which case Equation (43) may be written as

GL “ i /P
53.34 <T> 2 r

v (i)

18

Thus; by substituting T = «<T>, Equation (31) can be written

(42)



[f one defines

P Z/pP
ISCl B " —__—i‘["—M dPr
02 2
1+ el
r
and
oL P 7/P .
I = f r2 ___~_.__r_~_ dp
SC2 02 7 ¢ r
T el
r
where
ISC] = Sukkar-Cornell integral at point 1 .
and |
oL, -t Sukkar-Cornell integral at point 2

then Equation (44) can be written as

i 6L : | |
ISCl - ISCz Y 53734 <> . - (45)

This is the working equation for the Sukkar-Cornell Method.

Thic is a.direct calculation method which does ‘not require trial and

errot. Method of solution consists of.calcu1at1'ng,lS from Eqdation(45)

(o}
and obtaining the value of P from tabulated data that will give

this tntegral value.
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6. Dranchuk and McFarland Method

i

~

This method employs a technique to integrate the force-momentum
balance equation numerical]yvin order to calculate pressure
profiles in flowing gas wells for which the temperature gradient
is known. The method employs a vériab]e step-size, which reduces
the number of steps required while increasihg aécuracy. This
method ddes not ‘'delete the uﬁu term as do the other methods.

If also allows for the variation of both compressibility and
temperature with depth in the kinetic energy term.

The working equation for this method is

&P p2 C5SP C, 2T CizdT _ CiTdz
e [, zm-p7] [zr TR T TPt e EJ (4)
where
~ WR
c, = =2
1_7 9'cM
e . _fWR’
, = TR
- 2g.DM
. _ M
Lg - ﬁ‘
and
g - dz

de
By choosing the usual reference conditions, field units and

applying the friction factor corre]étion

>

f = 4f'

0.017488 d™%2% 5 d < 4277 ins. - .

0.016028 d™°3%% ; 4 =4.277 ins.
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as suggested by Cullender and Smith [14], the appropriate values for

the three coefficients become

R QéG _\i
C] = 2.0827? : i
| Q36 o
C, = 0.21853’53353- 5 d {\4.277 ins.
1 N
0 .
= 0.20029 e ; d =4.277 ins.
and
C, = 0.018748 G
where
G =

gas gravity

Eduation>{46) along with thé'indicafed values of the coefficients
‘may be intégrated to yield pressure profiles for both préducing and
injection wells. | -
Genera]]y, aha]ytita] solutions are preferfed if possible to
furnish a genera] solution to a problem. However, many phenomena,
such as thé one encountered in.this work, are non-linear and the present
mathematicé] methods proved to be well-nigh unwdrkable. Or perhaps . 7
analytical so1&tiop§ are avajlable but in such a form thatﬁis incon-
veﬁient,for’directwinterpretation_ﬁumeriéa11y.
" For the six methods studied in this work, closed-form solution
available only for methods 1vand 2 but not for the other four
methods. Therefore analytical solutions were déveToped for these two -

cases. For the Average Temperature and Average Compressibility Factor
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Method, the starting point of the derivation is Equation (20). By

differentiating this eqdation with respect to each variable studied,

the following equations results: A detailed derivation 1s shown in

Appendix C. ™ s
sl
2GL ) ) , A
: 53.34 <T> <> 2 GP; 25 Qf <T> <2Z> Gf’
o, 53.34 <1> <> * G
dL
2 P,
(47)
- : 2GL ° j .
‘ 25 GQyfL <T> <z> (e 23-3 <> <21 _ g :
dpP, 0 :
' : (48)
. dQO Pl
d# ' .P - 2GL
ary T2 153.34 <T> <I>
dp, P, €. (49)
, " o _
de de . 2<Z> <T>2 2<7> <T>2. 2<T> [ -
o ] o> .
: + Ky <I> <T>2 | ?—kb + ky <"\Vz>2’<T>
{.' k2 ’ <T> 5 kz
r .
- El <7>%2<T> - El <Z>
-7 2
ks | 2<Z> ks L 2_(2<Z> ) |
- §— <T->'t EzT;) ﬁ. ) - é— <I> <T 2<T> -
tr r
Ky : -
- — <I>2<T>| /2P (50)
. ko : 1

"

/
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where
k, = P2

2GL
2 53.34

25 QSGfL

=~
w
n

ds

‘ 2GL . . .
o 53.30 <T5 <[> ( 2LP, . 25 Q5 §T> <Z> fL
- dp, = 153.34 <T> <Z> ds
dG 2P,

. .(51)

Similarly for the Average Density Method, by differentiating
P-.in Equation (27;\wiﬁh respect to each variabTe of interest, the

following equdtioﬁs result. Adetailed derivation is shown in

Appendix C.
[P p 24.39 Q2Gf
-3 1 2 0
| 9.374 x 107% & (TIZI + Tzzz) . >
. o,
dpP, d (lel Tzzz)
- , (52)
dL ]  24.99:Q2GfL | .
1+ 7| 5 - 9374 x 1077 6L
’ d5 _._.1_._ + .__2_._ . e
( T2, Tzzz)
- 9.374 x 107° GL
49.98 Qo( 3 > )
dp LU YU oy |
- _ (53)
Q. 9.374 x 1077 aL '+ 24.99 GLFQ2

1 - +

: Pl p2 2
N, ('lel * le{)
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24.99 ( GLF NIy R
] -3 0 - 2 2
1 - [9.3786x 1077 qL - 1 - ——-(———)
T,Z, ( 4 ( P . P, ]) Z,\ P, T,

1 4 _ 2
lel ! Tzzz

dp,
dP, 24.99 Q2GLf
2 1- 1 (9.378 x 107 aL - o0
T,Z, 5 1 2
dS [ +
T.Z, ' T,
..... (54)
; 24.99 Q2GLf - \( p 1 1 |9z
-3 0 1 1
- 9. GL - —t — |
(9 374 x 1077 6L - dé‘( P P 7?) T, Z, \aT, !
— e
dpP T4 Tzzz) P
ar. | N .99, Lf
l 1 - ( 1 ) 9.374 x 10°° GL - BT ]
171 . d5 (_- ; 2 )
lel r 77
.(55)
- B 24.99 Q2GLf ( P, ) 1 (azé
- - _ — —=
9.374 x 10 ~ GL .5 ( P1 P2 ) T2, [T, Z, 13T,
4 > | —=— + —— .
dp1 1 lel Tzzz ’ P2
dT, - : o 24.99 Q2GLf
o 1 - 9.374 x 107° GL - 5 5
T.Z, : ' 45 ( 1, 2 )
TIZI TZZZ
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. --3 ‘-P1 P 24.99 QéLf
9.374 x 10 L ( +~-~i—-)+
. T,Z, 'TZZZ 45 (_Elu_+ P, -
dp 'lel - T,7,
dG‘l ) g 24.99 QALf | (57)
- 0 -3 Y
. 1 +.lel ( P Py " 9.374 x 10 L )
d5 1 + 2 )
(lel 1,2, . : -

Equations (47) to (57) can be used directly to calculate the
effect of changing each variable in the calculated bottom hole pressure
using either the Average Temperature and Average Compressibi]ity Factor

‘Method or the Average Density Method.



CHAPTER 1V

CALCULATION METHODS

Computer programs were written for each of the six methods
studied in this work. Correlations for pseudacriticaT properties,
compressibility factor, v1scos1ty and friction factor of the f10w1ng
fluid are g1ven 1n the subprograms Append1x D gives the listings
of all the computer programs and subprograms used in this étudy.

Pseudocritical properties of the flowing fluid are calculated
using either the fluid éomposftioﬁ; or gas gravity. If f]uid
. composition is available, Kay's mixing rule [15] is used to calculate_
'fhe pseudocritical properties. The presence of sour gases are
accounted for by using Wichert and Aziz [16] correction to the N
pseudocriticé] temperature and preésure However, when the fluid

composition is not available and where the gas gravity is the only
known gas. property, the pseudocr1t1cals may be estimated from the
corre]at1on by Brown et al. [17] " Since this correlation is presented‘
in graphica] form,ka1gebra1c equatiops are written to fit the points
on the graph to pe;mit éomputer applications. If the mole fractions

of the sour gases present are known, the psehdocritica]s of sour

natural gases may be estimated from the correlaftion by Carr et al.
[18]. The estimated pseudocritica]s are then Lorrected for the
presence of C0, and HZS‘using Wichert and AZiz [19] method.
The compréssibiiity factor of dry sweet natural gas is

(SRS

‘calculated by using ‘the reduced form of the B-W-R equation of state

26
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-

as nggested by Dranchuk, Purvis and Robinson [20]. This method can
bé used for sour nétura] gases by using modified pseudocritical tem-
perature and pressure, as suggested by Wichert and Aziz [21]. This
-correlation was tested and extended to predict compressibility factors
of natural gases up to a reduced pressure of 30.

Fluid viscosity. is calculated using thé method suggested by
Abou-Kassem [22].

Friction %actor is calculated by the method suggested by
Dranchuk and Abou-Kassem [23].

A numerical scheme was set Up to evaluate bofh the Poettmann
and SUKkar-Corne]] integrals. .The integration method employed
éimpson's Rule and Newton's 3/8 Rule as is decribed in Appendix B.

For the Average Temperature and Average Compressibi]fty Factor
Method, Equations»(47) to (57) can be used to étudy the sensitivity
.of each parameter. For eiamp]e, by substitut?ng'£he vaTUes of G,

<T>, <Z>, f and L into Equation (48), the following equation résults:

dp, Qo
— = 6990.346 — : y (58)
dQp Py : ‘

Hdwevef, the assumptipn has to be madevthat f iigconstant within the
range of Qp studied. Equation (58) Ean be integrated to éive a general
so]utipn if the boundary conditions are known. However, for sensitivify
analysis purposes, Equation.(58)'can be integrated " “thin the range of °
limits of interest, say 10% to give, |

Py - P5 = 6990.346(Q3 - Q%) (59)
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where

Q, = 1.10Q,

Equation (59) can be rearranged to give,

6990.346(Q, + Q,)(Q, - Q,)
P, + P,

where

AP = P, - P, ,

" The above procedure can be applied to Equations (47) tb (57)
to study the sensitivity of each parameter on the calculated bottom-
hole pressure. However, the assumption that changing the'parameter
of interest only affeéts the calculated P,, has to be made in order
that integration can be performed. For equations involving the gradi-

ent éz~and g%-, graphical methods were used.

ol



CHAPTER V

RESULTS AND DISCUSSIONS J AN

Two flowing gas wells with measured bottom-hole pressures’were
used in this work for the purpose of study and cpmparison. Each
variable was varied incrementally up to +10% and the bdttom—ho]e
pressure was calculated using all the six methods. Tﬁe well data
are shown in Table 1. These well dat; and an absolute roughness of
0.0006 inch were used as the basis to calculate the deviation in the
calculated bottom-hole pressure upon varying the input variable.

Tables 2 and 3 show the comparfson of the bottom-hole pressure
calculation methods for Wells 1 and 2 respectively. For Well 1, all
the methods give bottom-hole pressures less than the measured value.
Differences are within the range of 32 to 42 psia. Fbr Well 2, all
the methods give higher pressures than the measured value except for
the Poettmann method whfch givés a bottom-hole pressure of 55 psia
less than the measured value. Differences afe within.the range of
20-30 psia for the other methods. |

The densitivity analysis of ‘the various methods to variations
in input variab]es are given in Tables 4 to 15 and the results are |
p]btted on Figures 1 to 20 (Abpendix A). Table 16 gives the summary
of the maximum percent deviation in the calculated bottom-hole '
pressure for the six methods for both wells. Table I gives the degree
of sensitivity (in increasing order) and the associated maximum percent

deviation in the calculated bottom-hole pressure of the various methods -

u”

29



TABLE 1

SUMMARY OF WELL DATA

Well depth, ft.
Flow rate, MSCF/D

Tubing I.D., in.

Gas gravity

Wellhead temperature, °F

Bottom-hole temperature, °F

Temperature gradient, °F/ft.

\
Measured B.N¢P., psia

Mole % CO:
Mole % N:

Mole % H2S

WELL |

4753.0

4292.0
2.44
0.640

63.0

- 115.0

0.0099
1103.7

0.56

1.05

0.00

WELL 2

—————

——

11029.0
17359.0
2.992
/' 0.702
170.0
243.0
’ '.KN
0.0066
3690.4
2.84

4.56

18.33
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TABLE 1

DEGREE OF SENSITIVITY AND THE ASSOCIATED MAXIMUM PERCENT

DEVIATION IN THE CALCULATED BOTTOM-HOLE PRESSURE OF THE VARIOUS
METHODS TO DIFFERENT INPUT VARIABLES FOR WELLS 1 AND 2

VARIATION IN DEPTH

WELL 1

Poettmann (1.63%)

CWELL 2

Poettmann (3.04%)

Sukkar and Cornell (1.69%) Dranchuk and McFarland (3.16%)
3 Dranchuk and McFarland (1.79%) Sukkar and Cornell (3.20%)
4 Average Density (1.70%) Average Density (3.20%)
5 Cu]]en?er and Smith (1.70%) Cullender and Smith (3.23%)_
6 Average T and Z (1.71%) Average‘T and Z (3.26%) |
(B) VARIATION IN FLOW RATE (
1 Dranchuk and‘MéFarland (1.13%) Dranchuk -and McFarland (1.88%)
2 ‘Cullendef and.Smith_(1.15%). “Average Density Fﬁ?QS%)_ |
3 ‘Average Density (1,]5%) Cullender and Smith (1.96%)
4. Average T and Z (1.16%) : AAverage’T and Z (1.99%) |
5 Sukkar .and Cornell (1.32%) - Sukkar and Cornell (2.23%)
6 Poéttma;n (2.51%)

: »
Poettmann (1.36%)
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TABLE 1 (CONTINUED) |\

VARTATION IN WELLHEAD PRESSURE

WELL 1
Poettmann (8{57%)
Sukkar and C;rnell (8.82%)
Average T and Z (9.02%)
Cu]]endgr‘and Smith (9-.03%)
Average Density (9.03%)
Dranchuk and McFarland (9.08%)

WELL 2
Poettmann (7.44%)
Sukkar and Cornell (7.78%)
Average T and Z (8.0%)
Dranchuk and Mckarland (8.03%)
Cullender and Smith (8.04%)
Average Density (8.05%)

VARIATION IN BOTTOM-HOLE TEMPERATURE

WELL 1
Sukkar and Cornell (0.051%)
Average Density (0;097%)
Cullender and Smith (0.099%)
Average.Tland Z (0.10%)
Poettmann (0.145%)‘

Dranchuk and MgFar]andb(O.GS%) ,

WELL 2
Sukkar and Cornell (0.5]%)‘
Average Density (0.39%) ”
Cullender and Smith (0.40%)
Average T and Z (0.41%)‘
Poettmann (0.62%)

Dranchuk "and McFarland (1.38%)
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TABLE I (CONTINUED)

VARTATION IN WELLHEAD TEMPERATURE

Poettmann (0.056%)
Averaée_T and Z (0.058%)
Cu]]ender and Smith (0.059%)

Average Density (0.061%)
Sukkar and Cornell (0.063%)

Dranchuk and McFarland (0.65%)

VARIATION IN GAS GRAVITY

Poettmann (1.58%)

Sukkar and Cofnell-(1.9125
Average Density (1.95%)
Average’T and Z (1;97%)

Dranchuk and McFarland (1.99%) -

Cullender and Smith (2.34%)

o MELL2
Sukkar and Cornell (0.24%)
Poettmann (0.25%) “
Average T and Z (0.28%)
Cui]ender and Smith (0.29%)
Average Density (0.31%)
Dranchuk and McFarland (1.36%)

WELL 2

: Poéttmann (2.88%)4

Dranchuk and McFarland (3.50%)

Sukkar and Cornell (3.71%)

' Avéfage Density (3.93%)

Cullender -and Smith (3.96%)
Average T and Z (4.0%)
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" ORDER OF SENSITIVITY OF EACH VARIABLE AND THE ASSOCIATED -
MAXIMUM PERCENT DEVIATION IN THE CALCULATED BOTTOM-HOLE PRESSURE
’ FOR THE SIX METHODS .

(2)

AVERAGE T AND Z METHOD

WELL 1

Wellhead Temperature (0.058%)

: \
Bottom-hole Temperature (0.1%)

Flow Rate (1.16%)
Depth (1.71%)

Gas Gravity (1.97%)

Wellhead Pressure (9.02%)

AVERAGE DENSITY METHOD .%é

WELL 1

" Wellhead Temperature (0.061%)

. Bottom-hole Temperature (0.097%)

Flow Rate (1.15%)
Depth (1.70%)
Gas Gravity (1.95%):

Wellhead Pressure (9.03%)

WELL 2
Wellhead Te%perature (0.28%)
Bottom-hbTe Temperature (0.41%)
Flow Rate (1.99%)

Depth (3.26%)
Gas Gravity (4.0%)

Wellhead Pressure (8.0%)

WELL 2

Wellhead Temperature (0.31%)

JBottom—hoie Temperatdre (0.39%)

Flow Rate (1.95%)

Depth (3.20%)

Gas Gravity (3.59%)
Wellhead Pressure (8.05%)
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.Bottom-hole Temperature-(0.10%)
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TABLE I@ (CONTINUED)

CULLENDER.AND SMITH METHOD

WELL 1 - . WELL 2

Wellhead Temperature (0.06%) Wellhead Temperature (0.29%)
Bottom-hole Temperature (0.40%)

Flow Rate (1.15%) - | Flow Rate (1.96%)
Depth (1.70%) - Depth'(3.23%)

- Gas Gravity (2.34%) o Gas Gravity (3.96%)
Wellhead Pressure (9.03%) ~ Wellhead Pressure (8.04%)
POETTMANN METHOD

WELLT o

Wellhead Temperature (0.06%) WelThead Temperature»(O.ZS%)

Bottom-hole Temperature (0.145%) “Bottom-hole Temperature (0.62%)

Flow Rate (1.44%) " Flow Rate (2.51%)

Gas Gravity (1.58%) | | Gas Gravity (2.88%)

Dep£h (1.63%) ~Depth (3.04%)

We1]heéd Pressure (8.57%) ”we11head Pressure (7.44%)



N

TABLE II (CONTINUED) \

SUKKAR AND CORNELL METHOD

Bottom-hole Temperature (0.05%)
Wellhead Temperature (0.06%)
Flow Rate (1.32%)

Depth (1.69%)

Gas Gravity (1.91%)
‘Wellhead Pressure (8.82%)

DRANCHUK AND McFARLAND METHOD

WELLT
Wellhead Temperatureef0.65%)
Bottom-hole Temperature (0.68%)
Flow Rate (1.13%)

Depth (1.70%)

Gas Gravity (1.99%)

Wellhead Pressuré (9.08%)

39

CMELL 2
We11hea6’Temperature (0.24%)
Bottom-hole Temperature (0.31%)
F]ow‘Rate (2.23%)

Depth (3.20%)
Gas Gravity (3.71%)

.Wellhead Pressure (7.78%)

WELL 2 |
Wellhead Temperature (1.36%)‘

Bottom-ho]e‘Temperature (1.38%)

- Flow Rate (1.88%)

Depth (3.50%)
Gas Gravity (3.50%)

Wellhead Pressure (8.03%)
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/
to different input-variables for Wells 1 and 2. Table II>gives the
order of sensitivity (in inéreasing order)fﬁ’each variable and thé
associated méximum percent deviation in thé ca]cuiated bottom-hole
pressure for the six methods.

.It cah be seen that.forAboth wells, the calculated bottom-hole
pressure is most‘sen§itfve to variation in wellhead pressure and
least sensitive to temperature variations. :However, Dyanchuk and
" McFarland Method is very sensitive to temperature variations (about
10 fold for Well 1 and 5 fold for Well 2) when compared to the other
methods. Among the six methods studied, Poettmann Method is least
sensitive to variations 1n‘depth, wellhead pressure, wellhead temper-
ature and gas gravity for Well 1. The same is true for Well 2 except
for the‘variafion in wellhead femperature. Methods 1, 2,3 and 6
show the same trend for both wells regarding the order of\§eqsitivity :
of the variables. They are; in the order of increasing ggn§itivity,
wellhead temperature, bottom-hole temperature, flow réfé; é;pth, gas
gravity and wellhead pressure. | '

Poettmann Method and Sukkar-Cornell Method also follow the
same order for Well 2. For Well 1, gas gravity is more sensitive
tHan depth in the Poettmann Method and bottom-hole temperature is
"more sensitive thaﬁ wé]Thead temperature in thé Sukkar-Cornell Method.
In a]]'thé six methods, the sensitivity of each variable increases, as
‘the depth and flow rate increases, except for wellhead pressure.

TabTes 17 and 18 show the effect of absolute.roughness on the

calcu]atéd bottom-hole pressure for the four methods studied and the

results were p]otted on Fidures 19 and 0. The results show that the
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Poettmann Method is wmore sensitive to variation in absuiute roughness
than the other three methods studied. Thus if the absolute roughness
is in error, an error will be introduced 1. the calculated friction
factor and thus the calculated bottom-hole pressure. This may explain
the inaccuracy of this methed when compared with the other Mgthods.

In order to study the effect of using linear interpolation of
tabulated integral values for the Poettmann Method and the Sukkar-
Cornell Method,‘ t.he bottom-hole pressure was hand calculated for g
Well 1 uging the two methods. The integral values fo: both methods
were estimated by Tinear interpo]ation from the table of integral values -
established in this work. The comparison was made for +1.0% and 210%
variation of each variabtle and the results are shown in Tables 19
and 20.

Table 19 shows that\fhe error introduced by using linear inter-
polation in Poettmann Methéd is small. The base case ¢ /es an error |
of only 0.006%. This is to be expected since the step-size taken in
P. and Ty is small (0.05) in evaluating the integral. However, this
is not the case in the Sukkar-Cornell Method. The é;ror introduced
by using linear interpolation in the base case is 6.55% which is very
significant. The reason for this is that the step-size taken in B is
large (5.0). Also in the Sukkar-Corneld Method, the bottom-hole
pressure is calculated from the product P, times P. where Py is
obtained by 1inearbinterpo1ation. Since P, is of the order 6% 600 tc
700 psia, even a smé]] error %ﬁ the calculated P. will introduce
a signifféant error in the ca]cu]ated'bdttom—ho1e pressure. Reducing-

the step-size in B will require too much computér time and becomes

uneconomical. . .
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 The effe€¥'of 10% change in input variable on ... calculated
bottom-hole pressure using the equations der%ved for Methods 1 and 2
are summarized in Table 21. It can be seen that the numerical results
dre in good agreement with that obtainéd by énalytical methods .

The sensitivity analysis range of +10% studied in this work is
sufficiently large and should coverAthé 1ikely measurement error thatv
would normally occur.in practice. The well depth is measured very
accurately during well comp1etion§. The error introduced here should
be minimum and“sﬁouid'be in the order of less than 0.05% in a 16,000
ft. well. The tubing head pregsure_is horma}ly measured by a dead
weight gauge or Bérton gauge.' The accuracy of'these devices shou]dlbe
within 2% if properly maintained and calibrated. Tempe:ature measure-
ment is normaliy measured at surface‘wfth thermocouples or temperature
-'gauge and with bottom-hole temperéture bombs at the sand face. These
measuring devices are usually accurate if properly calibrated and the
error introduced should be less than 2%. Fjow'rates are commonly
measured With an orifice meter. If.properly désigned and 1ocafed in
: fhe pfoper location to avoid turbulence, accuracy should be within
‘1 to 2%. Gas gravity is usually calculated from the gas composition
obtained from gasachromatograph. If the éhromafograph is wel]'main-
tained, the analysis should be very accurate and the caicéﬁéted gas
gravity should be within 1%. : '

In-sﬁﬁmaby,_the instrumental error introduced in measqring the
" various parameters is generally Tess than 2% if the equipment is
properly maintained and calibrated. The biggest error that'norﬁ$11y43g~

occurs in field operation is in fact human error. Therefore, iflthe '



COMPARISON OF RESULTS

TABLE 21

NUMERICAL SOLUTION VS ANALYTICAL SOLUTION
USING DATA FROM WELL 1

<T> AND <Z>

METHOD

AVERAGE-DENSITY
METHOD

NUMERICAL "ANALYTICAL

1.70

VARIABLE NUMERICAL ANALYTICAL
(10% CHANGE) RESULTS  RESULTS RESULTS  RESULTS
DEPTH (L) .71 1.70 1.70 1.68
FLOW RATE Q) - 1.16 1.12 1.15 1.14
_WELLHEAD P. (P,)  9.02 8.87 9.03 8.61
B.H. TEMP. (T,)  .-0.092 -0.081 -0.086  -0.083
WH. TEMP. (T,)  -0.055  -0.048 -0.057 - -0.053
GRAVITY (G) 1.97 1.95  1.7]
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calculated bottom-hole pressure calculated by any one of the six
methods is significantly differeht from thét of the measured value,
the field engineer should double check the’véfious input parameters,
especia]1y.thé wellhead préssure and row rate, which are most sus-

ceptible to human error, to ensure that the data is correct.
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CHAPTER VI

CONCLUSIONS | ’

The following conclusioné are made as a result of this

Calcn]ated Bottom-hole pressures by all the methods
studied are most sensitive to variations in wellhead

pressure and least.sensitive to variations in

N

temperature.

The percentrchange in calculated bottom-hole pressure
shows the same trend for all the methods except for -
var1at1ons in bottom-hole and we]]head temperature

1n the Poettmann Method

The Poettmann Method is more sens1t1ve to variations
in absolute roughness than the other three methods N
stud1ed

At high flow rates, the kinetic energy term may'be
significant, thus the Dranchuk and McFarland Me thod
should give the best results.

Linear interpolation can be used with confidence inv
the Poettmann Method. )

Linear interpo]ation should not be used in the Sukkar

and Cornell Method.

49



For the Averager Temperature and AverageFCOmpress%—
bility Factor Method and the A;/erage Density Method,
the numerical results obtained are in good agree-
ment with the analy'tica] results using the analyt-

N

icsl “solutions developed in this work.



CHAPTER VII

RECOMMENDATIONS

The following recommendations are made:

Collect flow data for more wells with different depths"
and flow rates and perform bottom-hole pressure calcus-

lations with the six methods studied. This will enab]é
one to make a better compafison of the différent methods

and the limits of their applicabilities.

Investigate possible instrumental error involved in
various measuring devices that are used to measure the
input'variab]es required to do bottom-hole pressure

calculations.
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NOMENCLATURE

inside pipe diameter, inches.

insfde pipe diameter, feet.

Moody friction faétor = 4 f', dimensionless.
Fanning frictfon factor, dimehsion]ess.’

local gravitational acce]erétion,i32.174 ft/sec?.
conversion factor, 32.174 1bm/ft/1bfsec2.

gas gravity (air = 1).

Tength variable, feet. | /
Jost work, ft.1be/1b . '
length of flow string, feet.
molecular weight, 1bm/1b—m61e.
pressure variable, psia. \
pseuddcritica] pressure, psia.

pressure at reference conditions, 14.65 psia.

pseudoreduced pressure, dimensionless.

‘flow rate, MMSCF/Day.

Universal gas constant, 1545 ft.]bf/1b-mo1e°R

temperature, °R

pseudpéritita] temperature, °R

temperathre at reference conditions, 520°R

. average temperature, °R

velocity, ft/sec.

average velocity, ft/sec.

specific volume, ft3/1bm.



V*

<Z>

" Greek

<p>

volume, ft3.

mass velocity, 1bm/ft2—sec.
mass, ]bm
shaft work, ft-]bf/]b .
m
elevation
compressibility factor, dimensionless.

compressibi]ity factor at standard conditions,

dimensionless.

average compressibility factor, dimensionless.

-

gas density, ]bm/ft3.
gaé density at standard conditions, 1bm/ft3.
4

average gas density, ]bm/ft3.

53



(1]

(2]

(6]

(7]

| 8]

(9]

54

B IBL IOGRAPHY

Wichert, E. and Aziz, K., "Compress1b111ty Factor of Sour
Natural Ga;es," J. Can. Chem. Eng., Vol. 49, pp. 267-273 (1971).

Cullender, M.H. and B1nk]ey, C.W., "Adaption of the Relative
Roughness Correlation of the Coeff1c1ent of Friction to the
Flow of Natural Gas in Gas Well Casings," Report Presented to
Ra11;oad Commission of Texas, Amarillo, pp. 1-36 (November 9,
1950

L, R.V., Williams, R.H. and Dewees, E.J.: “Measurement of
tance to Flow of Fluids in Natural Gas Wells," Trans '
01 201, p. 285 (1954). /

~

“-gﬂR:V M11]er J.S. and Fergusen, J.W. "Flow of Natural
g Through Exper1menta1 Pipe Lines and Transm1ss1on Lines,"
S?'Bur éi Mznes Monograph 9 (1956).

) S&ﬁth; R.V., "Determining Friction Factors for Measur1ng

Product1v1ty qf . Gas Wells," Trans. AIME, Vol. 189, pp. 73-82

(1950).

Weymouth, T.R.,, "F. blems in Natural Gas Eng1neer1ng," Trans.
ASME, Vol. 34, p. 185 (1912) S

Rzasa, M.J. and Katz,D.L., "Ca]pulation,ofaStatic Pressure
Gradients in Gas Wells," Trans. AIME, Vol. 160, pp. 349-362
(1945). -

Poettmann, F.H., "The Calculation of Pressure Drop in the Flow
of Natura] Gas Through Pipe," Trans. AIME; pp. 317-326 (1951).

CulTender, M.H. and Smith, R.V., "Practical Solution of Gas.
Flow Equations for Wells and P1pe11nes with Large Temperature
Gradients,"” Trans. AIME, Vo] 207, pp. 281-287 (1956).

[10] Fowler, F.C., "Calculations of Bottom-Ho]e Pressures," Petroleum

Engineer, Vol. 19, No. 3, p. 88 (1947).

[11] . Sukkar, Y.K. and Cornell, D., "Direct Calculation of Bottom- .

Hole Pressure in Natural Gas Wells," Trans. AIME, Vol. 204,
pp. 43- 48 (1955) -

[12] Dranchuk P.M.  and McFarland, J.D., "The Effect of the Time

Rate of Change of Momentum on Bottom Hole Pressure in Flowing
Gas Wells," J. of Can. Pet. Tech., Vol. 13, No. 2, pp. 34-38
(1974). o



[13]"

[14]
[15]

RN

171
(18]

[19]
[20]

[21]
[22]

(23]

55

Young, K.L., "Effect of Assumptions Used to Calculate Bottom-
Hole Pressures in Gas Wells," Trans. AIME, Vol. 240, pp. 547-
550 (1967). _ A

Cullender, M.H. and Smith,.R.V., op. cit., p.283.

Kay, W.B., "Density of Hydrocarbon Gases and Vapors," Ind. Eng.
Chem., Vol. 28, No. 9, pp. 1014-1019 (September, 1936).

WiEhert, E. and Aziz, K., op. cit.

Brown, G.G., Katz, D.L., Oberfell, G.G. and Alden, R.C.,
“Natural Gasoline and the Volatile Hydrocarbons," Natural Gas
Association of America, Tulsa, Oklahoma, p. 44 (1948).

: \
Carr, N.L., Kobayashi, R. and Burrows, D.B., "Viscosity of
Hydrocarbon Gases Under Pressure," Trans -+AIME, Vol. 201,
pp. 264-272 (1954). : -

Wichert, E. and Aziz, K., op. cit.

Dranchuk, P.M., Purvis, R.A. and Robinson, D.B., "Computer
Calculation of Natural Gas Compressibility Factors Using the
Standing and Katz Correlation," Institute of Petroleum,
Technical Series, IP 74-008, pp. 1-13 (1975). :

Wichert, E. and Aziz, K., op. cit.
Abou-Kassem, J.H., "Determination of Bottom-Hole Pressure in

Flowing Gas WeTls," M.Sc. Thesis, Department of Mineral
Engineering, The University of Alberta, Edmonton, Alberta

. (Spring, 1975).

branchuk, P.M. and Abou-Kassem, J.H., "Calculation of Friction
Factors for Use in Flowing Gas Wells," J. of Can. Pet. Tech.,
Vol. 14, No. 1, pp. 72-74 (1975). o

o



APPENDICES

56



APPENDIX A

TABULATED RESULTS AND GRAPHS

)

Bt

,\\/

57 .



58

(6°1 SS0°0- 260°0- 20'6 v 9L VAN 0°0l
9,7t 0s0°0- £80°0- 2Lr'g .o 0L 12 0°6
967 tv0'0- v{0°0- et 26°0 (el 0°'8
9" L 6£0°0- S90°0- 0t 9 08,0 02°1 0°¢
9L £€0°0- 960°0- 0v'S 89°0 - €0°1 n"9
96°0 820°0- (%00~ 05" ¢ (50 . S8°0 'S
(o ¢20°0- BEO "( 6G°¢€ Sv°0 - 890 o't
(5°0 L1070 8200 69°2 12 $6°0 0°¢
8E°0 - L0 0- 610°0-% 7 6/°1 22’0 ve'0 02’
6L°0 900°0- 010°0- - 06'0 110 (1o o 0°1
61°0- 900°0 010’0 06°0- trro- L1°o- E o't -
L(£°0- 110°0 610°0 647 1- ¢¢°0-  pETO- : 02 -
95°0- (100 620°0 89'2- #°0- 19°0- -0t -
v('0- .. €200 6£0°0 (6°€- v 0- 89°0- E0Th
£6°0- 620°0 6%0°0 9% b- $6°0- 68°0- 0*g
Lt t- 120V 650" SE*G- G9'0- 20'L- 0°9-;
62" 1- 0%0°0 690°0 £€2°9-. G.°0- 16l°1L- 0t -
' t- 9%0°Q 600 Lt 98°0- 9€°L- 0’8 -
S9° - - 25070 . 680°0 00°8- 96'0- €5 06 -
€871~ 850°0 00L°0 M 9071~ 0L L- 0°0L-

- t - ] T . -

g , NOI1vIdvA
F1TAVYD "dW3l "dW3Ll 370H  3¥Nn 3y vy H1430 - IN3J¥3d
SY9 QY3IHT3IM -W01104 QV3HTT3M MOT4 3718YIYVA
1NdN1
| S . e

L 713M - QOHL3W Z QNY FUNLVYIdWIL uw<mu>< ‘
3¥NSS3Y¥d 310H-WOLL08 Q3LVINIVI NI 3INVHI ELENLER

v 318Vl | o .



59

56° 1
S
6571
SE° 1L
mp L

Nm.o

ALTAYYY
SY9

L50°0- 980 0- £0°6
150" 0- 8L0°0- 218
9%0°0- 0£0°0- A
0t0°0- 290°0- 9
GE0'0- £50°0- 0t's
620°0- vv0°0- 0S¢
£20°0- 9€0°0- 09°¢
L10°0- (20°0- 0L°2
210°0- 810°0- 08" |
900 0- 600°0- 06°0
9000 6000 06°0-
210°0 610°0 6L L-
810°0 820°0 89 2-
$20°0 8£0°0 {5°¢-
00 L%0°0 iy y-
7.0 {S0°0 9¢ " G-
78070 £90°0 v2°9-
6v0°0 LL0°0 €L ¢L-
§50°0 {8070 L0 8-
190°0 .., (60°0 68 8-
"dW3l "dW3L 3T0H  3¥NSSIYd
QV3IH11IM -W0L1108 QY3IHT13M
( 193

wmgmnumn uJOx

SL°1L
£0° L
16°0
08°0
89°0
95°0
mc 0

P om
L o

58°0-
56°0-
90" (-

C31vy
MOT4

071
£G°1
€1
6L
201
S8°0
89°0
1870
ve'o-
(10

AU 0-

L5°0-

[
—

oo CoOo
FANMTOONOOD

.

cCocRooocooococoooo
OCPRDBNOBW ey —
]

2
319V I HYA
1NdN]

M - QOHL3IW ALISN3Q 39vy3Ay°

wolli09 ouh<4:u4<u NI 39NVHD It

S 378Vl

T I T T T e e

id



60

.
ﬂ—é’
oo’
l
—

ve" 2 §50°0- €0°6 .. 1 0L 0°0
0L°2 050" 0~ AN L . 28 €0l g5y 06
58" | 540" 0- £4- 2 1670 9| 0°8
09" ( 6€0°0- #90°0- l£°9° 080 6l 0/
L€ y€0°0- 550" 0- 'S 890  z0°| 0°a
£l 820" 0- 9%0: 0~ 05t 95°0 ° 4g'0 0°S
l6°0 - €20°0- L£0"0- 09°¢ G0 W90 0"
970 » “ZHO0-_ 82000- 0/2 g0 oeg 0°¢
b0 TFgM-T g0 0- 08"l 220, €0 07
€2°0  -T.oqup- 600°0- 0650 (1N 9(p 0t
22°0- 9080  ol00. 06°0-  LL'0- {10 . ot -
€°0- 21670 610°0 6°l-  22°0- ggro- ' 0°2.-
59°0- £10°0 620°0 89°2-  ££°0-  |5°0- T Q€ -
98" 0- £20°0 6£0°0 (S°€- €p°0-  69°0- ., 0p -
L0 1- 620°0 6%0°0 9 b- 50 gReo- ; 05 -
82" (- 5€0°0 650°0 SE°G-  S%0- 20 (- 09 -
8 l- b0 - 6900 b2 9. 5L°0-  6lry- .0 -
69" (- (¥0°0 6L0°0 2LL- §8°0-  9g7|- J o8-
06" (- £50°0 6800 00'8-  96°0- EG[- 06 -
60" 2- 650°0 660°0.- 88°8- 904~ o0l'(- . 0°0L-
. . . L~
NOTLYIHVA

ALIAVHO  "dW3L  “dW3L 3I0H  39NSSIud - 3uvy HLd30 " INIO¥Ad
SYO OVIHTIIM  -WOLLOS  QVIHTTIM  MOT4 378YI14YA

1NdNI

L 173M - QOHL3IM HLIWS QNY muoszJDU
3YNSS3Y¥d I10H-WOLLO8 Q3LYINITY) NI 39NVHD IN3D¥3d

9 3I8YLE,>



61

891 960°0 . 080°0- L5°8 L £9°L awo.@my
A 0S0°0 $£0°0- Lt 62°1 9t L 0°6
92°1 tv0°0 890 0- 98°9 vl L (01 | 0'8
oLl 8€0°0 290°0= 00°9 -~ 00°l plL 0°L i
G6°0 £€0°0 650" 0- vL's - §8°0 L6°0 0°9
6L°0 £20°0 (Y0°0- 82°'b 1o 18°0 0°§
£€9°0 L20°0 . 6£0°0- €€ (50 G9°0 0%
(%0 910°0 0£0°0- 1502 2t 0 6v°0- 0°¢
LE-0 0100 020°0~- Wi 82°0 2€°0 - 0°2
910 G000 Lto"0- - - 98°0 AN 910 01l
91'0- 600" 0- L1o"g. ~:+98°0- tL°0- 91°0- 0L -
2€°0- 0L0°0- £20°0 L 82°0- ¢£°0- ) " 0°2 -
LY 0- ' Gl0°0- 9€0°0. = 9G'2- 2v°0-  6%°0- ’ - 0'¢ -
£9°0- 020°0- 6v0°0 v €~ 66°0- §9°0- 0 -
6L 0- G20:0- €90°0 (2% 69°0- 0- 0'§ -
$6°0- 620°0- 8.0°0 £1°6- 280~y (8°0- 0°9 -
oL-L- v€0° 0~ £60°0 86°%- 96°0- €l°L- , 0L -
92" |- 8€0°0- oLL 0 £8°9- 60°1- 62°1L- 0'8 -
v t- £v0°0- 12170 89/~ €2°l- &b L- 06 -
L5 |- LY0°0- Sv10 £6°8- 9¢ - 19°1(- 0°0L-
. NOILYIYVA

ALIAVYY "dW3L "dW3L 3T0H  3Y¥NSS3IUd 3Ly H1d3 IN3IDY¥3d

SVY9 QVIH1IIM -W0Ll108 QY3IH113M MOT4 378VIYYA

; 1NdNI
_ 1713M - QOHLIW zz<zkpmoa . b

34NSS3¥d MJOx WO1108 Q3L1vINITY¥I NI 3I9INVHD quumua

L 378v1



62

1671 £90°0- 9€0°0- . ¢8°'8 AN 69°1 0°01
788t LS00~ . E€0°0- v6° L BL"L 2971 0°6
¢s’ 1 1S0°0- 0€0°0- 90°¢ S0°1 SE’l 0°8
£e’l Gv0°0- £20°0- {19 16°0 8L L 0°¢
Lo 6£0°0- v20°0- 82°9 8L°0 101 0°9
v6°0 0e0°0- 1¢0°0- AN §9°0 58°0. 0°S
9,°0 v¢0°0- 8L0°0- AR 250 89°0 0"t
L5°0 8l0°0- ¢L0"0- 12204 6£°0 150 0°€
LE°0 ¢L0°0- 600°0- 97t 92°0 ve Q. 0'¢v¥
61°0 900°0- 900°0- 88°0 €170 (o 0"l
8L°0- 900°0 £00°0 88°0- €L°0-  [1°0- o't -
LE°0- ¢lo’o 600°0 9L L- 92°0- ¥£°0- 0°¢ -
§5°0- gLoo ¢l0’'0 £9°2- 8e'0- 19'0- 0°¢ -
£L°0- $20°0 810°0 1§°€- 15°0- 89°0- 0'v -
160~ 0t0'0 v20°0 6E°v-  £€9°0- 68°0- 0°§ -
oL t- 9e0°0 0€0°0 92°6- . 9£°6- 10°1- 0°9 -
{7 1- ¢y0°0 £€0°0 I O 88°0- 8lt- 0°L -
Sy i- 8¥0°0 6€0°C o ¢- 0°t- 6e°§- 0°'8 -
€9° L~ ¥S0°0 S¥0°0 88" (- el - 25°1- 0°6 -
18" L- 090°0 (s0°0 SL°8- S¢'L1-  89°(- 0°0L-

7 NOILVIYVA

ALTAYYD "dWIL  "dW3IL 3T0H  3¥NSSIYd EIN . ,Ihmuo IN3IJ¥3d

SY9 QY3IHTI3IM 401108 "QV3IHT3M Mo14 318YIYVA ‘

: S 1NdNI
7
L JJuz GOH13W T73INY¥0D oz< dvains ’

L 3UNSSIYd 3710H-W0L108 Q3ILVINITYI NI 3IONVHD hzuumua

8 379Y1



63

mw.— - 8¢°0- Lt 0- 80°6 mp._. 0L L

0°01
8L"1 5€°0- 8¢ "0~ [1°8 0°L g5 0°6
85" 2€°0- S€°0- S2'L 680 98| 0°8
e 82°0- L€ 0- PE'9 8,0 6Ll - 048
L1 - §2°0- £2°0- €°s (970 207 0°9
60 l270- . g2'0- v S5°0  §8°0 0§
8L°0 LL0- 61°0- 29°t b0 89:0 0y
85°0 €L 0- S1°0- 'z €£°0 150 0°¢
8E°0 60°0- 0L°0- 18°1 220 te0 - 0°2
6170 50°0- S0°0- 0670 LL"o N#.OL 0] .
6L°0-. 50°0 50°0 06°0- L0~ Z1°0- 0l -
8¢ 0- 0L°0 Lo 08"L- 120~ g0~ 02z -
£5°0- 910 - (10 0L°2-  2€°0- (§°0- 0'¢ -
§L°0- 22°0 £€2°0 65°€-  29°0-  89°0-. 0y -
¥6°0- 820 0£°0. 6v'v-  €5°0- -48°0- 0§ -
ANE pE"0 9¢ 0 8€'S-  £9°0- |0°|- 0°9 -
0" L~ Lv°0 b0 [2°9-  €L°0- 8L'|- 0L -
6b L- 6b°0 1§70 9L"L- - £8°0- §E°|- 08 -
9 I- 160 09°0 §0°8-  €6°0-._ 26 L- - 06 -
58" |- $9°0 . 890 - €6°8-  £0°l- ".89°|- 0°0L-

o ‘ 2 NOILYI¥VA
ALIAVM9  "dW3l  "dW3l 316H  JunSSIyd 3L iLd3g INIY3d
SYO  QVIHTIIM  -WOLL08  QVIHTIIM  MO14 378V 4YA
1ndNI

L 1734 - GOHLIW ONVTYY4OMW ANV JNHONYYG
34NSSI¥d 3T0H-WOLLOE Q3LYINITY) NI 3ONVHD IN3J¥3d

- T

6 378vL



64

00'¢ 9¢°0- 9€°0- 00°8 6 92°¢ 0°01
85°¢ £€2°0- - £e’0- 02 L 8 _£6°2 0°6
e L2 0- 62 0~ 0v°9 8 19°2 0°'8
9,72 8L 0~ 9¢°0- 09°g LE 8¢°¢ 0°¢
GE"¢ 91°0- 22 0- 08"t L1 1 S6°1 0°9
S6°1 ELo- 6L°0- 66°¢ 60 N €£9°y 0°§
9671 L1 o0- SL°0- 6L°€ 8L°0 0g°)| 0¥
9Ll 80°0- LL-o- 6E"¢ 89°0 £6°0 0°¢
LL°0 S0°0- © 80°0- 09t 8€°0 §9°0 0°¢
8€°0 £€0°0- v0°0- 08°0 6L°0 ANV 01
- 8€°0- €0°0 v0°0 08°0- 6L°0- 2¢70- 0L -
= 9/°0- S0°0 80°0 65°1L- BE'0-  §9°0- 0°¢ -
el - 800 . Lo 6€°2- L5°0-  [6°0- 0°¢ -
6y L- tL-o gL'o 8L ¢g- SL°0- 627 (- o.wyn
98" - vL o 02'0 86°¢- v6°0-  19°1- 0°¢G -
£€¢ ¢~ L1°0 ve o LLv=- ZL°1-  ¢6° - 0°9 -
65 2- 6L°0 82°0 96° G~ 0€" (- 92 2- 0L =
v6°2- ¢¢’0 A0 GE"9- 8v°l- 8g-¢- 0°8%
og"¢e- S¢°0 LE°0 vl'l- 997 |- g z- 0°6--
99°¢- 8¢°0 (v°0 ¢6°L- €871~ |Z°¢- 0oL~
- NOILYINYVA
ALIAYYY "dWil "dW3L 370H  3¥NSSIYd 11wy H1d1Q - IN3J¥3d
SY9 QYIHTI3M -WOL 109 Qv3IHTI3IM M0T4 378VIYVA \

1NdN1

¢ 1713 - QOHL
J4NSSIYd 370H-WoL

3W Z ONY 3¥n1vy3dWaL ERLLENYY

108 Q3LvIN2I¥I NI 39NVH) IN33d

- 0l 378vL



65

£€6°¢€ 92°0- €€°0- 50°8 S6°L  0Z°¢ 0,01
25°€ 2 0- 0€°0- 1 ZAY] Sl 882 . 06
LL°€ lz"0- 20~ b9 651 9572 0°8
WAY/ 610~ A €9°S . SE'L . b22 0L
€2 91°0- 02'0- 28" Y S1'L 2671 0°9
2671 ARE LL°0- 200¢ 960 09°L 0§
£6°1 L 0- bl 0- 1z’ 9,70 8zl 0'v
vl 80°0- oL 0- -2 £5°0 9670 0¢
970 90°0- 0" 0~ 19-1 8E'0  +9°0 02
8€°0 €0°0- 0 0- 0870 61°0 260 0L
LE"0- £0°0 00 08°0-  6L°0- .2£°0- 0L -
v 0- 90°0 £0°0 09°Ll-  [£°0- - $9°D- 0°2 -
LL"L- 60°0 LL°0 O"2- @ 95°0- 2Z6% 0'¢ -
Ly 1- ZL0 51°0- 02°€- L0~ . [2°t- 0't.-
€8" |- 5170 61°0 00y~ . 26°0- 65°L- 0°G -
6L 2 810 £2°0 6/°%- . OL'L- 06°L- 0°9 -
562~ 12°0 1270 65°6- © [2°l- e- 0L -
06°2- -~ t2°0 8E°9- . Gb'l-  £5°z- 0°8 -
52°¢- 82°0 8LL- 2971~ 68°z- 0'6 -
65°¢- l£°0 £672- . 08'1- 9l°¢- 0°0L-
. NOILYI¥VA
ALIAVYD  “dW3l "dW3L 3T0H  3unSs3yd A o0 o 1N32¥3d
V9 QYIHTT1IM  -WOLLOS avIHI1IM  MOTd 378YTHYA

1NdNI

- ¢ TI3M. - QOHL3IW ALISN3Q 39WH3AY .
390SS3dd 3T0H-W01L08 Q3LYINITYI NI IONVHI INIDY3Id

Ll 378Vl




66

~

:m\om € 9¢'0- $€°0- ¥0°8 96° 1 £€e’e 0°01L
§G°€ v¢ 0~ 28 0- €L 9" L [6°¢ 0°6
eLr-e L¢"0- 8¢°0- ¢h'9 96°1L. 89°¢ 0°8
vl ¢ 6L°0- G¢°0- 29°§ 9e1 9¢°¢ 0L
AN 91°0- ¢ 0- 18" 91" £€6°1L 0°9
€671 EL"0- 8L°0- 10"y 9°0 2¢9°L 0°§
£G°1L LL"0- S1°0- L¢°€ LLo 621 0t
SL 1 80°0- LL°0- ov ¢ L9570 L6°0 0°¢
LL°0 S0°0- £0°0- 09°1L 8E°0 v9°0 ¥ 0°¢
LE°0 €0°0- v0°0- 08°0 6L°0 Ee’0 0°1
8¢ 0- €0°0 v0°0 ow 0- 6L°0- (€70~ U
GL°0- S0°0 80°0 ‘L LE°0- ¥9°0- - 0°¢ -
gL L= 80°0 LLo v €T 96°0- G§6°0- -0°¢ -
6y L- LLo GL°0 6L7€- vL°0- .8¢°L- 0'v -
98" |- vL°0 6L'0 66°€- ¢6°0- 697 L- 0°S -
Le ¢- {170 €20 6L v~ ot'1-  ¢6°L~- 09 -
897 ¢- 02°0 8¢°0 8G"G- 8¢ l- €2'2- . 0°L -
€6°¢- €20 g0 LE"9- 9" L- §§°¢- 0°'8 -
[2-¢- 92°0 8e"0 91°/[-- €9°1l- 98°2- 06 -
€9°¢- 62°0 00 G6" L~ 18"L- 6l°¢- 0°0lL-
. NOILYIYVA

ALTAYYD "dW3l "dW3l 370H  3¥NSSI¥d - 3LvY - Ihmuo, IN3IJU3d
SY9 QV3HTI3M -W01109 QVIHT3M M014 318YIYYA X
ANdNI
¢ T13M - QOHLIW HLIWS GNY ¥3ANITIND

JUNSSI¥d ITOH-WOLLO8 Q3LYINITVI NI IONVHD 1INIDY3d

.

2L 378vL



67

mm:mmuma 370H-WO1108 ouh<4:ug<u NI 39NVHD quumma

€l u4m<H

882 52°0 2€°0-- A 152  0°¢ 0°01L
65°2 22°0 - 0£°0- 69°9 ° S22 £1°2 0°6
0£°2 0Z°0 L2°0- §6°G 002 c£p°2 0°8
10°2 L0 52°0- 0Z°§ vLL sz 0L
2L 1 SL°0 22°0- 9y 6v°L  28°1 0°9
by L 210 61°0- 2L°¢€ v2 1 15" 1 0°§
SLL 0L°0 91°0- 162 66°0. - 12°1 0
98°0 L0°0 2L°0- £2°2 vL'0 160 0°E
LS50 5070 . 80°0- 6v" L 6%°0  09°0 0°2
62°0 20°0 $0°0- v.°0 G2°0  0£°0 01
62°0- 20°0- 50°0 vl 0- v2°0-  0g°0- 0L -
(§°0- S0°0- oL o 8b° 1~ 6v°0- 09°0- 0°Z -
98°0- £0°0- SL°0 £2-2- €L°0- 06°0- 0°¢ -
bl (- 60°0- 02°0 L6°2- L6°0- 0Z2°L- 0t -
£p°1- LL-o- 92°0 L€ 12°1-  0§°L- 0°G -
L 1L- £1°0- £€°0 Shb- SbrL-  08°L- 0°9 -
00°2- - SL°0- 6£°0 6L°G- 89°1- 0l'z- 0L -
82 2- LL"0- 9%°0 £6°G- 26°L-  ovz- 0°8 -
66 2- 6L°0- ¥5°0 £9°9- SL'2-  69°2- 0°6 -
58 2- 12°0- 29°0 ob- /- 6£°2- 66°2- 0°0l-
- NOILVIYVA
ALIAVYD  "dW3l "dW3l 3710H  3uNSSI™Ud ILVY M1d30 IN32¥3d
SY9 QYIHITIM  -WOL108 QYIHTIIM MO, 379Y1HYA
_ LNdNT
2 TT3M - GOHLIW NNYWLL3Od =

I



68

LL°€ ¥e 0- £2°0-. 8L L g€c¢ 02°¢ 0°0t
EE€°E ¢¢’0- L2 o- 00" £ 00°¢ 88°¢ 0°6
G6°2 61°0- 61°0- é¢¢’9 8L71 §5°¢ 0°8
85°¢ [L°0- [1°0~ 14 8571 €¢'¢ ’0°L
0¢°2 SL°0- ©t0- 99°¢ ¢t 1 16° - 0°9
£8°1 ¢L"0- ¢’ 0- 88°¢ oL"t 65°1 0°§
9L oL-0- oL°o0- LL7E 88°0 21 o'y *°
60" 1 L0°0- 80°0- €e"e 99°0 §6°0 0°¢
€L°0 G0°0- §0°0- 96" 1 vv°0 ¥9°0 0°¢
9€°0 ¢0°0- £0°0- YAV ¢c'0 ¢€°0 0"l

9¢ 0- ¢0°0 €0°0 .0- ¢¢'0- 2¢°0- o't -
LL70- S0°0 S0°0 < %S Ev°0- v9°0- 0°¢ -
07 L- 070 80°0 £e°2- G9°0- G6°0- 0°¢ -
e L- 60°0 tL o oL-€- 98°0- [Z°L- ! 0y -
LL1- ¢L'o vL°0 88°¢€- 80'l- 8G'L- 0§ -
2l e- vL°0 {170 S9°v- 6¢°Ll- 06°1- 0°9 -
Ly e- 9L"0 120 er g 05" 1- 122 0°¢L -
18 ¢~ 6L°0 ¥e0 0¢°9- tL7l- €9°¢- 0°8 -
L e- t¢ 0 82°0 679~ 6" l- ¥8°2- 06 -
6y €~ €¢°0 Lo 7L L= ¢l'e-  9lL°g- 0°olL-

NOILVIYVA

ALIAVYY S dW3l "dW3L 370H  3¥NSSIYd Wy Hid30 . IN3J¥3d

SY9 QY3IHTI3IM ~W0.1109 QVIHTT3M. MOT4  © 3T8YIYVA .

: 1NdNI

3YNSSI¥d ITOH-WOL

2 173M - GOHLIW TT3INY0D ANV H¥XNNS
108 Q31vINJTvd NI I9NVHI INIJYid

vl 378vL



69

SL°e 68°0- €6°0- €0°8 88" 1 agL'¢ 0°0
9¢°¢ 8L°0- 98°0- €271 69° L ¥8°¢ 0°6
86°¢ LL70- 9.°0- €v°9 0S°1L ¢5°¢ 0'8
09°¢ ¥9°0- 69°0- 29°§ 0e"1 Le¢ 0°L
éc’¢ 96°0- 09°0- 28 v tL-t 68" L . 09
v8° 1 Ly 0- 16°0- Lo v ¢6°0 L5711 0°§
Ly i 6£°0- v 0- [¢°€ L0 9¢°L 0’y
oLt 0€°0- ¢t 0- v ¢ §9°0 ¥6°0 0t
€L°0 0¢°0- <2¢"0- 09°1 9t°0 £9°0 0°¢
9¢€"0 oL"0- —p.ol 08°0 - . 8L0 l€°0 0°t
9¢°0- LL°o¢ AN 08°0- = 8l°0- lE'0O- oL -
2L 0" 22’0 e’ c 09°L- - 9¢€°0-  €9°0- 0°¢ -
{071~ ve'0 9¢°0 0y e- ¥6°0- v6°0- 0°¢ -
v L- A 0¥ 0 0c ¢~ tL'0-  Ge't- 0y -
8L L- 09°0 £9°0 00" ¥- 68°0- 99°1L- 0°§ -
el e- vL°0 9,70 08 - 90"1- [8°L- 0°'9 -
AR 8870 1670 09°G- €¢°L- 6l'¢- 0°L -
187 ¢~ €0°1 N 0y°9- ov'L- 09°¢- 0°8 -
gL ¢e- 6L°1L ¢¢ | 6L L {5°1- " 187¢- 0’6 -
0s°€- 9¢° L BE L 66" L~ €L - dLe- 0°0L-
NOILVIYVA
ALTAVYD “dW3l “dW3l 37T0H  3JdNSS3ud 3ivd H143a IN3O¥3d
SY9 AY3IHT13M -W01109 QY3IHTT1IM MOTd4 : JT9YI¥YA
" ” 1NdNI
¢ T13M - (OH13IW GNVTYYAOW ANY ANHINVYHA

34NSS3¥d IT0H-WOLL0E Q3LYINITYI NI 3IONVHI LN3IJY3d

G138yl



PERCE'NT CHANGE N CALCULATED"B.H. PRE SSURE

0| . LEGEND
+ WELL NO.1 . {
sk o WELL NO. 2
® VARIATION IN WELLHEAD PRESSIFE
(® VARIATION IN DEPTH
6_
Al
2+
/
O} A
-2k
-4r
-6
).
-10 A L i ! . I 1 1 1 1 1
-10 -8 -6 -4 -2 0 2 4 6 8 - .

4

"PERCENT - CHANGE IN INPUT VARIABLE

FIGURE 1 SENSITIVITY ANALYSJK’ OF AVERAGE TEMR
AND AVERAGE COMPRESSIBILITY FACTOR

METHOD -VARIATION IN DEPTH AND WELLHEAD
PRESSURE



PERCENT CHANGE IN CALCULA

TED B. H. PRESSURE

N

.5 L d I} i Il 1

71

5tk LEGEND

+ WELL NO.1

4 * WELL NO.2 b
@ VARIA ON IN SP GR.

3 ‘
® VARIATION IN FLOW RATE -

-

-0 -8 -8 -4 -2 .Q 2 4 6 8 0.
PERVC,ENT‘- GHANGE N INPUT VARIABLE '

.
N

'FIGURE 2 SENSITIVITY ANALYSIS OF AVERAGE TEMPERATURE

AND AVERAGE COMPRESSIBILITY FACTOR
METHOD - VARIATION IN FLOW RATE AND
SPECIFIC GRAVITY ¥ -

[ 3



IN CALCULATED -B&H PRESSURE

PERCENT CHANGE

‘-0.3}

-_6ﬁi\€;::l

0.8

-0.2} -

M WO

LEGE ND

+ WELL NO 1

wELL NO 2 C
"'v ) 3

ate L C
VARIATION IN B W 'r;-%‘ L
VARIATION 1IN 'ELL&{;!AD TEMP

N ! 1 L ol

-10,

»

-
N v

" FIGURE 3

-4 -2 ! o 2 4 s s .
PERCENT CHANGE IN [INPUT VARIABLE ) /

'S

SENSITIVITY ANALYSIS OF AVERAGE TEMPERATURE
A'ND AVERAGE COMPRESSIBILITY FACTOR METHOD -
VARIATION IN WELLHEAD AND BOTTOM - HOLE

"TEMPER ATIJRE



R
- &. " . .I\;‘
E "kﬁ":
B ) 3,
Y
!
g
R
RNy
-
2

7z

IN CALCULATED B W PRESSURE

" ¢ PERCENT CHANGE

\ @l | Pr""‘

73

10k LEGEND . P
+ WELL NO 1 '
. WELL NO 2 ,
® VARIATION 1IN WELLHEAD PRESSURE
Re @ VARIATION (N DEPTH

8}

Lo; - L 1 L
7 -2 0 F. ~ 4 6 8 ¥
.® . " "PERCENT CHANGE ,IN INPUT, VARIABLE '
e’ o

~

FIGURE 4 SENSITIVITY ANALYSIS OF AVERAGE DENSITY— .

METHOD - VARIATION IN DEPTH AND WELLHEAD
. PRESSURE \ | B =



‘ 74
. - - -
sl LEGEND . R
+ WELL NO. 1 -
‘f * WELLNO 2
g | ® VARIATION IN SP GR . L8 , Y
” ® VARIATION IN FLOW RATE
&
1.
z
o
ey
e
PO
«
o
e |
(%]
]
.‘,“ ““’
/V -z-
l; W
,-*J [« 28 &
. e '
«< .
X
(8]
[
I 4 e
™)
(8]
S»
| n'r,.‘
AR
-8 1 1 i °1 ] C i
. . ;"0_ -8 A -2 0 2 4 e 8 10
B e L N ’ ’ i i i ' )
ﬁ | © .PERCENT CHANGE IN INPUT VARIABLE 3
| * ‘ ) " - ., ’ ; ! P;
- FIGURE 'S  SENSITIVITY - ANALYSIS OF AVERAGE. DENSITY -
& o ’, “ ‘ METHOD VAR{ATION . IN FLOW RATE AND

SPECIFIC GRAVITY )
£ S o



(“I:l / /
. \\\\
- _ L
0.51" LEGEND .
@ WELL NO. 1
. o4k ® WELL NQ‘Z :
" o VARIATION IN B.H. TEMP
¥ g st ’ +  VARIATION IN WELLHEAD TEMP
a Lo ' ‘
W
&
& o.2}
X
o
8 o v
e -
3 1 . 4
2 .
S o} _ gNC
3 | R v
I - - ° - ¥
-0} PR . -
- = ‘ ) o & > e
x O N & . . e,
; v " y i
X -02L . -
[ : iy
r L . . -
¢ O -0.3} ,
« 7 .
PR £ J o
' -0 .4 )
; \
Sl o . ..
~-0.8 1 1 1 I 1 — ] 1 i
-0 -8 -6 -4 -2 0 2 4« 6 0
. - PERCENT CHANGE IN INPUT VARIABLE %
K\_; . **
- T . :
-, _
" FIGURE 6 SENSITIVITY ANALYSIS OF AVERAGE DENSITY
. ' A
D . * o METHOD - VARIATION IN WELLHEAD AND _
co. . BOTTOM -HOLE TEMP\
~ « ? h g




PERCENT CHANGE IN CALCULATED B.H. PRE S SURE

76

o} . LEGEND

+ weLL NO. 1

* WELL NO. 2
@ VARIATION IN WELLHEAD PRESSURE
@® VARIATION IN DEPTH

PERCENT ~CHANGE IN INPUT VARIABLE

)

u - §

., - BT y o |
FIGURE 77 SENSITIVITY ANALYSIS OF CULLENDER AND

SMITH METHOD=VARIATION IN 'DEPTH AND

" . . WELLHEAD PRESSURE




g

 ¢ .
PERCENT CHANGE IN CALCULATED B.H. PR

ESSURE

77

sl LEGEND
+ WELL NO. 1 .
- e WELL NO.2 : = 4
j& ) Q?: ﬁ“
" @ VARIATION IN 'SP GR. L Sl
3'— “"‘«"‘ T
® VARIATION IN FLOW RATE d :
2} g
1+ -
(0]
b g
-Iﬁ

"y

: A

-4 -~ .

-5 | it 1 1 1 1 1 1 )

-0 -8 -6 -4 -2 - 0 2 4 6 8 10
PERCENT CHANGE IN INFUT VARIABLE oy °

L . £ ’ ) .
FIGURE 8 SENSITIVITY ANALYSIS OF CULLENDER. Aﬂ‘D

SMITH METHOD - VQRIA#ION IN FLOW RATE

. AND'SPECIFIC GRAVITY '

L . :

/‘



SURE

PERCENT CHANGE ‘ IN CALCULATED B H. PRES

0.5

< NERY ) . . - .3 BRI .;
-0.5 1 1 '(i 1 1 L i o I ‘
-0 -8 -6 -4 -2 0 2 4 6 8 10
: PERCENT CHANGE IN INPUT VARIABLE
L% : B P
‘R - : D

w

LEGEND

® WELL NO.1

® WELL NO.2 .
o  VARIATION IN B.H. TEMP.

+ VARIATION IN WELLHEAD TEMP.

’ b
Vo S

7’ ) B A

.FIGURE 9 SENSITIVITY ANALYSIS OF CULLENDER AND

et terma—l—

SMITH METHOD - VARIATION N WELLHEAD AND
BOTTOM-HOLE TEMR

« -, -



[

RE

PERCENT ,CHANGE IN CALCULATED B.H. PRE SSURE.

.’&

) s 1 1 1 ! )

Ly
3%
‘3;;

79

[o) o LEGEND

+ WELL NO.1
o GNELL NO. 2
@ VARIATION [N WELLHEAD PRESSURE
® VARIATION IN®OEPTH

-10 -8 -6 -4 -2 (o] 2 4 -6 8 [
PERCENT CHANGE IN INPUT VARIABLE

FIGURE IQ SENSITIVITY ANALYSIS OE POETTMANN
o - METHOD - VARIATION IN DEPTH AND WELLHEAD
-~ PRESSURE



PERCENT CHANGE IN'/CALCULATED B.H. PRESSURE

30 e
LEGEND
*  WELL NO.1
2.0 o WELL NO.2
*m ®  VARIATION IN sP GR.

VARIATION IN FLOW RATE

PERCENT CHANGE IN INPUT VARIABLE

N - - * '
FIGURE 11 SENSITIVITY® ANALYSIS OF POETTMAN METHOD — -
=t 11 LYSIS

-

VARIATION IN FLOW RATE AND - SPECIFIC GRAVITY

e



81

06
: LEGEND
0.5 +  WELL NO.%
e WELL NO.2
0.4} o
(® VARIATION IN B.H TEMP.
w g3k VARIATION IN WELLHEAD TEMP
@
2 .
o p
w
¥ o0.2f
z
@ A
o 0. o : ~
g g €
J . e
2 -~
9 of
g
(8]
z 3 =
w 0
o
4
L4
I
“-0. e -
[
x
Ww
Qo -
xz-03
W
0.4 N
." B
-0.5} !
-0.6 i i 1 JL . 1 1 i 1 1
-10 -8 -6 -4. -2 o) 2 4 6, 8 10
- PERCENT CHANGE IN INPUT VARIABLE v - ¢
\ Ry N @ f:f B . »
. -, ‘\‘
. DS

-

¥ ©

FIGURE I2 SENSITIVITY ANALYSIS OF POETTMANN METHOD—
~ VARIATION- IN WELLHEAD y AND BOTTOM~— HOLE »

TEMPERATURE

-



PERCENT CHANGE IN CALCULATED B.H. PRE SSURE

82

FIGURE I3 SENSITIVITY ANALYSIS OF SUKKAR AND CORNELL
—_—— ’ ‘ [

€

*
LY
] o LEGEND
+ WELL NO.1 D : |
sl o WELL NO. 2 ‘
@® VARIATION IN WELLHEAD PRESSURE
\ ® VARIATION IN DEPTH - 5 .
s}
i

4l !

2— B

o]

..z'_ ‘

-4}

[ .
-8}
I
-8
_ | | .

-10 1 1 L (i 1 i 1 1 l‘ . 1

-10... -8 -6 -4 -2 . .0 2 ‘4 6 8 10

e PERCENT CHANGE ny«bu*r VARIABLE
A = . ~

- 5 R [} .
- L
. , S o
- .

s

METHOD - VARIATION IN DEPTH AND WELLHEAD.
PRESSURE. | ‘

; ‘ 1

b



‘PERCENT CHANGE IN CALCULATED B.H. PRESSURE

83

s LEGEND

+ WELL NO.1 -
¢« WELLNO.2

® VARIATION IN SP GR.

® VARIATION IN FLOW RATE

| 1 1 . 1 § S | 4 1

-0 -8 -6 -4 -2 0 2 4 e 8
PERCENT CHANGE IN INPUT VARIABLE

-
-

FIGURE 14 SENSITIVITY ANALYSIS OF SUKKAR AND’
‘ ' CORNELL METHOD- =VARIATION IN FI-OW RATE
AND gPECIFIC GRAVITY

I



L

PERCENT. CHANGE IN CALCULATED B M. PRESSURE

"-0.5

84

0.5

c-0.4-

LEGENTD

WELL NO.1  » *
6k

 WELL NO.2 :

VARIATION IN B.H. TEMP
"VARIATION IN WELLMEAD TEMP

f‘oe@

Lo

| | A I ) W | PSR |

~10

=g -4 2. . 0N

2 s 6 8 10
PERCENT CHANGE IN INPUTGVARIABLE

o [
X i
s

FIGURE 1% SLENSITIV.ITY ANALYS IS ‘OF SUKKAR AND CORNELL -

. METHOD —VARIATION IN WELLHEAD AND BOTTOM‘
HOLE TEMP



®

-

v
w

PERCENT CHANGE IN ciuc@ureo B.H. PRE S SURE

Y

~10 - < A S 1 1 1 i 1 1 -

] ‘
! 85
3
' .
o} LEGEND
+ WELL NO.1 .
o WELL NO.2 ‘ y

Ay
~(® VARIATION” N\\VELLHEAD PRESSURE
® VARIATION w DEPTH

-0 -8. /-6 -4 -2 0o 2 ',a 6 8. 10
PERCENT CHANGE IN INPUT VARIABLE :

a

FIGURE 16 SENSITIVITY ANALYSIS OF DRANCHUK-" AND

S McFAhLANo ﬁemoo VARIATION IN DEPTH

AND w ELLHEAD PRESSURE
J .

s - . . E



PRESSURE

PERCENT CHANGE IN CALCULATED B H

36

5
+
4+ \ .
®
3
®

LEGEND
. WELL NO. !
_WELL NO 2 . P

VARIATION IN SP GR e

4
VARIATION IN FLOW RATE e

-
-

-~ 4
-8 1 1 L L 1 L | e
—10 -8 -6 -4 -2 0 2 4 6 8
& PERCENT CHANGE IN INPUT VARIABLE
FIGURE 17 SENSITIVITY ANALYSIS OF DRANCHUK AND

Mc FARLAND METHOD - VARIATION IN FLOW.
'RATE  AND SPECIFIC GRAVITY -




IN CALCULATED B H. PRESSURE

PERCENT CHANGE

37

2 OF ‘ o  LEceEnoD .
@. ~ WELLNO 1 -
. “WELL NO. 2
K o VARIATION IN B H TEMP
| e ' . L. TION IN WELLMEAD TEMP.

,_.

-20 1 1 L L . 1 i
-i0 - -8 -6 -4 -2 0] 2 4 6 8 10

PERCENT CHANGE .IN INPUT VARIABLE .

FIGURE 18 SENSITIVITY ANALYSIS OF DRANCHUK AND
McFARLAND METHOD - VARIATION IN WELLHEAD -
AND BOTTOM-'HOLE TEMP



© .
w i N
- _ . T ON 7113M — 34NSS3Yd 370H
—~WOL108 a3LvINDIvI NQO SS3INHONOY 31N070S8y NI NOILVIHVA 40 133443 61 34N9old
d
ta, { SIHONI ¢ O} SSINKONOYH 3IiN10S8Y ’
52 02 i o} S
T T !

QOHL3W NNVNL1L30d P

QOHL3IW HLINS 8§ H3GN3ITIND '

GOH L3N ALISN3Q 39VH3AVY
A

CQOHL3IK 2 8 dN31L 39VH3AY

N 3 9317

v
A

M|

0¢

JONVHD LAN3DO3H

34NSS3Hd H'8 J31lviNndlvd NI



D
[e0]

%4

»

-WNO1108 Q3LviNoy u

eF4

¢ "ON T713M — 34NSS3I™d 30H
NO SS3INHONOH 3I1NI0SEY NI NOILVINVA 40 103443

w

02 34N9I4

{S3HONI {, .01) SS3INHONOY 3in10SBY

G - ) ol
T Y

QOHL3IN NNVYANL1L30d

AY

GOHE3N HLINS 8 ¥3QAN3TND

QOH 13N ALISN3IQ 39VHIAVY

<
3WNSS3Hd W@ GILVINOIVI NI JONYHY LN3O3Y

.>A

QOHLIN Z2 8 dN3L 3J9VHIAY

N3 9317

(O3



APPENDIX B

EVALUATION OF POETTMANN AND SUKKAR-CORNELL
INTEGRAL USING SIMPSON'S AND NEWTON'S 3/8 RULE



APPENDIX B

"This integration scheme is listed in the computer progrém as
b
subroutine QSF in Appendix D. This subroutine performs the 1ntegrat1on
of an equidistantly tabulated funct1on by Simpson's rule. To compute

the vector of 1ntegra1 values

X-l' ’
Z; = Z(Xi)‘ = [ y(x) dx : .
: a
with . - ' i=1,%, .. .,n
X; = a + (i-1)h
‘for a table of function values Y5 (i=1,2,...,n) given at eqpi-
distant points X; = a+ (i-1)h, (i =1,2, ..., n. Simpson's rule "

togéther with Newton's 3/8 rule or a combination of these.ru]es is
used. Local truncation error is of the order of h5 in all cases with
more than three po1nts in the given table. Only Z, has a truncation
error of the order h" if there are only three points in the givén
table. No action takes place if the table consists of less than three
- sample points. -
The funct1on 1s assumed continuous and d1fferent1ab]e (three
or four t1mes, depending on the rule used) ~1 ’ =
.Formulas used in this subroutine (Zj aré integra1‘3a]ues, ¥;

~

are function values) are:

e e e e 9 1



)LL)

= n S o] -

ZJ Zj—] + 3,(1.23 Y5 +>Lyj 0.25 yj+]
4

- ﬁ s SN ) AL e

ZJ ~Zj—2 v3 (yj._2 + 4yj_] + yj) Slmpson s.Rulé L {(2)
;

= 7. + = . + . + . +y.) .. ...
Z iyt gh gt 3y, * 3y, ty)) (3)
Newton's 3/8 Rule -
. ) ’ 0 |
i o= Tyt g vyt 3875y 4 2625y, 4+ 2,625y,

+3.875yj_+y.)......'.....‘.....(4)

1 I

Combination of ~(2) and (3)

Sometimes formula (2) is used in the following form

B h '
Zi % Iy~ 3 (Y5 Y5y Y Yye0)

Local truncation errors of formulas (1) - (4) are respectively:

. 4
N
=1 . . y : ' NG
Rl _' éz' h“‘y (gl) . [gl 1n(xj"]” XJ+1)]
Re = - gy ho¥™u(E)  [E2 in(xy 0 x,)]
83 = - %6 hs.y"” (g;/) [€3 in(xj;3a XJ)]

Ry = ‘(‘ 144 hs.Y"” (E4) [g'u ivn(xj_s, XJ)]

~
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" ZNDIX C

For the Average Temperature and Average Compressibility Factor
Method and the Average Density Method, closed-form solution is avail-
able. Therefore analytical solutions can be obtained for these two
cases. Généra]]y, analytical solution.is preferred if possible unless
[ the final equation becomes too complieated and unmanageable.

This appendix gives the deta11ed derivations of the ana]yt1ca]
solutions for the two cases above. The final equations can then be

used to check the aécqracy of the results obtained by numerical methods.

Average Temperature and Average Compressibility Factor Method

1. Effect of well depth, L.

The working equation is: .
' : - v 1
24.99 Q% G<T><Z>fL(e® - 1) 72 "
_ C 2 [0} ‘ (o3
P, = e P;+ (1)
5 .
dc
where —
. 26L A
, 53.34<T><Z>
let k, = P2
J 1 ‘ 2
/ D%
K = 2G
2 53.34<T><Z>
_ 25 Qi <T><Z>Gf
and ky =

5

d
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By differentiating Equation (2) with respect to L, one obtains,

dp Kk, e¥2b 4 i efob oo
d K LI (3)
dL 2p

By substituting the values of ky» k,, and k. %nto Equation (3)
.

B
Q (AR

one obtains ST
: 4

D i
ot ){ | ZGP‘:\QW Q) Gf<T><Z> J |

A SRR O

SN S 4 r
53.3AIx<Z> . d”
, épi&fis

" PN
RS W\

- N )

2. Effect of flow.rate, Qg- :

53.34<T><7>
e

1 . ,i““

d

P
(4)

Let k, = e P2

25 GLf<T><z>(e® = 1)
2 d°c

and k
where

2GL ~
53.38<T><Z>

Substituting k, and k, into Equation (1) obtains
y 2% .
P, = (k, + kZQO) ) ’ - (5)

By differentiating Equation (5) with respect to Qo’ one obtains,

dp ok )
1 = 2°0 ” : (6)
dQo - (k, + k,Q3)" » .

By substituting Equafion (5) into Equation (6), one obfains,

6L
53.34<T?<Z> - 1)

1

dq P, ’ P,

s

(7)

* dP kZQO ) 25 GLfQO<T><Z> (e
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3.4 Effect of wellhead pressure, P, .

25 Q) GeT ~Z-fL(e® - 1)
let « = —————
1 . )
. dc

C- . 2GL
¢ 53. 34<T><Z>
Substitute k irto Equation (1) ‘to obtain

P, = (e P! +k,)? | | (8)

By difﬁiisptiating Equation (8) with reSbeCtntO P,, dne obtains,

dP, e P, :
- C 2 Y (9)
dP2 (e P2 + k2)2 .

By substituting Equation (8) and value of c¢ into Equation {9),

dp P (——:443;~—-0
huklt WL IS 53.34<T><Z> ; (10)
dp, P,

one obtains

4. Effect of bottom-hole temperature, T, and wellhead temperature, T,.

Let k, = P2 , \_,/

K= . 2GL
2 53.34
25 Q* GfL
ko= 0 ~
d

Y o -
Substituting k,, kz, and k; into Equation (1), one obtains,



97

k.
N S S S
e T \T[Z('?;)]) "
ST | j

Equation, (11) can be rearranged to yield

kf’ k;!
‘“‘;—\7'. k . .\ Ny k “
Py kT D oD 8 qo e (12)
k., K,

Since
<T> = L*T

‘ 2 -
and
d<T> _ 1. _ d<T»
dT, 2 dT,
therefore
0<Z> | 3l d<T> L1 a<2
aT, o<T>  dT, 2 3<T>

By differentiating Equation (12) with respect to T,, one obtains

| K, k,
oL 9B ckk TR kK em‘(a@)
T, dT, C3<I><T>% 3<7>2<T> <T> | 5
r
: Kk, _ 9
k -
+ =2 <Z><T>2 e<TA><Z> (8<Z> o ks 752> e<i><Z>
Ko . 9<T> p k,
‘ - r
‘ k, k,
-.E£-<Z> e<T><l> _ Ei.<T> e<T><Z> (8<Z>
2 ' 2 TI<T> p
r
k 3<> k .
- S <D<T>? ( ) - 2 <I>2<T> ] /(2p))
2 a<T>1/ p k, 1
r

.(13)



\)g B

[ooation 113) can be roarranged to vield

dpl dPl \ <_TA‘-"-.‘F7' ( ~k1 s —kl k; ( )7 |
— - = o i — - I = | a
Ry dT. L AR S N S ) T-} 5
) ' r
k [ k X
S S ’) o T
k INER S AT

5. Effect of gas gravity, G.

2

Let  k, = P,
2L - : )

K2 T 53 34Tr
25 Qg<T>I>fL
and  k, = ——QO PR
d

o o 2 _ . )
P,o= [k, eKeB iy 2kl s sy
: k; kz ¢ ' ! ' -

, & .

By differentiating Equation (15)-with respect to G, one obtains,.
k26 " ) | -

dpl _' e 2 (k1 kz + k3) . (]6)

dG 2P o N . .

Substitute value of k,, k,, and k, to obtain



99, .

7AA_31J:_Hi HLPT . 25 Qb'T"Z'fL
dPl‘ e5 (34T 2o 53.34 77" d
S S e e R (17)
dG _ 2P
Ayp[ggpppgpﬁjtyAM01nQd
1. Effect uf well deptn, L.
The working equation is:
: . P, P
P, = P+ 9.374 - 107" Gl Lo -
24.99 Q; GLf ]
oI S (18)
d: PP
B 8 -
T,Z, T.2Z
Let k, = 9.374 - 107’ G
. "
. 24.99 Qp Gf
k‘ - h__d?' I
P, P
and  ky = +
1.7, T.7
Substituting ki, kz, and. k, into Equation (18) yields
, k.
¢ P+ k, ky L+ ——‘L (19)
gya. on {19) can be differentiafed W respect to L to give
dpP,
dP k. L g k. k, L dP
Y S i« S T (20)
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By grouping terms and substituting the value of k;, k,, and k;,

Equation (20) can be rewritten as

(;3\374 1077 G ( Py & 24.99 Qg G?
. x ~ g g —
lel T? 2 ' P P

: 5 1 2
P, d (lel.+ Tzzzl 1)
dL ] 24.99 Q7 GfL '
1+ — - - 9.374 < 1073 GL
T 7 , P, P, 2
171 s | g 7.,)
lel T?ZE
S
2. gffect of flow rate, Q,.
Let k, = 9.374 ~ 1077 GL- \\\\”~
" 24.99 GLf C \
k, = 22327 \
PI
and k, =
Tz,

°

(22)

Equation (22) can bel differentiated with respect to Qo to give

‘ dp dP
dpP, P d k k., Q2 «
Rl R Q +2-2q - 2 6o _0o . (23)
dQq - 1,7, ky © ks 7,7,

By grouping terms aﬁd substituting the value of k,, k, and kg

into Equation (23), one obtains
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49 og [ 9:374 ~ 107° GL
\ S, P
dp, hZ, T,z (24)
dQ, p . 9:374 x 1077 GL , _ 24.99 GLfQ3
T1Z, p p 2
T,Z L+ 2 .
L (lel Tzzz)
3. Effect of wellhead pressule, p,- ' \\1 :
Let  k, = 9.374 x 1072 GL }
24.99 Q3 GLf /
(o - 2290 /
d®
p P,
lel T2Z2
e Substituting k,, k,, and k, Ngto Equation (18) yields
K,
Py = P, + Kk, ky + . (25)
- 3

dp, dk,  k, dk,

— = 1+ k 223 ' (26)
dP dP2 k3 dP2 : . . . N
Since
dp
: 1
dk dp 1 P, [3Z,\
3 = 24 -2 (__2_ (27)
dp, T\Z, T,2, T,7%\sP,
2 v
Equation (26) can be rewritten as
dP,
dp ok \dP, 1 P
—r = 14 (kl - _2) 2 -2 (a_zi (28)
dpP, ks 1| T,2, T,Z, T,23 \sp,
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N~

By grouping terms and substituting the value of k,, k,, and ks

into Equation (28), one obtains

1 24.99 Qé GLf Y
1 - —— [9.374 ~ 107? GL - L S
ek - dS(_}il_)rL} 22‘) PzT
P 7,7,  T,7, 2
dp, : ' ' 24.99 Qé GLf
1- —— [9.374 x 107? GL -
lex ds( P, + P, ]
. ‘ lex Tzzz
.(29)

H

4. Effect of bottom-hole temperature, T, and wellhead temperatdre, T,.

. . ‘ . .
.9:374 x 1077 GL

Let k, =
- 24.99 Qf GLf.
k, =
dS
P, = P
and k; = —
T, T.Z,

By differentiating k, with respect to T,, one obtains

dp,
, T, p P [aZ (30}
dT, T2y TiZy - TZ3 \eT, ,

1
Substituting k,, k., and k, .into Equation (18) yields
| K !
P, = P, +k ky +— _ (31)
K, _ o

Equation (31)_can be differentiated with respect to T, to give

- dp . dk k, dk
e N B ) » (32)
dTl dT1 k3 dT] : .
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By substituting Equation (30) into Equation (32) and rearranging,

one obtains

'[kx - I{j‘) Py 1
dP1 ?121 T1 21(8T1 P,

o kElle

Subst1tut1ng the value of k;, k,, and k; into Equatlon (33)

yields

' 24.99 Qé GLf P, 1 1|9z,
-19.374 x 1073 GL - ( : ) —+ — =
P P, ) T,Z, I\T, z,\3aT, -

5 —tre. e
d (lel MR ry2

S rv———

dP_
dr, 24.99 Q2 GLf
9.374 x 107 GL -
T Z, g8 (‘P1 . P )
lel, TZZZ
(34)
Similarly, N
&
- (9.374 x107% L - 4499 Q GLF ) ( Pz') (1_.+ 1_{ %,
, P P T,2, VT, Z,\oT
s {1 4 "2 242 2 2 2
dp, d (lel i TZZJ £
dT,

T2,

: . 24.99 Q GLf
1 - ‘ ) 9.374 x 1077 6L - ) )

p ‘ P, P
NI Tz

(35)
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Effect of gas gravity, G.

Let kl

= 9,374 x 1077 L
24.99 Q2 Lf
_ 0
k, = —
dS
P, P,
ky, = ——+
- ST, T.Z.

N

Substituting ki, kz, and k; into Equation (18) yields

) L
P, = P, +k, k; G+ Ei G ' . (36)
- 3 .

Equation (36) can be differentiated with respect to G to give

e, e kG dpk, kG dP,
dG YT, d6 k,s 7,2, k, dG.

(37)

—_— F — -

L
o

Substituting the value of kST‘kz, and k, into Equation (37)

~and rearranging yie]ds»

i p 24.99 Q2 Lf
9.374 x 1077 L ‘ L — ) : 9 :
_ T2, L ( P, P )
dp, T2, Tals
aG - 24.99 Lf
1+ -G 5 % - 91374 x 107 L)
17, dS(-i—=+ __g_) o

T,2,% T.7,
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MATN  PROGRAM

'*r**xw*w*****************************»**%***********
#» SENSTTIVITY ANALYSIS fAIF AVERAGF TFMPERATURF AND

% CAMPRFSSIBILITY FACTNR METHNN, s
% THIS PROGRAM CALGULATFS THF FFFFCT NF %
% VARTATIONS IN THF INPUT PARAMETERS 0N *
3 THF CALCULATFD BATTNM=HNLF PRESSIRE, *
* X(K)=1 VARIATINN IN DFPTH *
3 X(K)=2 VARIATINN IN FLOW:-RATF %
* X(K)=3 VARTATINN -IN -WFLLHFAD TURING PRESSURE 3
s .~ X(K)=4 VARIATINN IN BNTTOM=HNLF TFMPERATURE  *
% X(K) =5 VARIATINN IN WELLHEAD TFMPFRATURE K

s e e otes ol ot st st ot e ol ool e o o e o sk o e X o e e o e e ok e e o ok e 3k o ok e e e e
MOMFNCLATURE -

YMOILF = MNILF FRACTINN
YMW = MNIFCULAR WEIGHT
TFMC = CRITICAL TEMPFRATURF,NFGRFE R
PRFC = CRITICAL PRESSIRF,PSIA
NIAM = INSIDF DIAMFTEFR 0OF FLNW PIPF,INCHES
TSN = WFLLHEAD TEMPFRATURF,NFGRFF F
NN = BRNTTOM=HNALE TFMPERATURF,NFGRFF F -
PSIY = WFLLHFAD ' PRESSIRF,PSIA
N = FILOW- - RATF
TRC = RENDUCEN TEMPFRATURE .

- PRC = RFDUCFND PRESSIRFE
JTEMC = PSFUDNCRITICAL TFMPFRATURF ,NFGRFE R
7JPRFC = PSFUDNCRITICAIL PRESSIRF,PSTA
SG = GAS GRAVITY
‘DENS = NDFNSITY , g
-REN = RFYNDLDS NUMRFR - o o '
AVFMW = AVFRAGF MNLECULAR WFIGHT :
VISM = VISCOSITY,CP
TEMGC = CRITICAL TEMPFRATURF,,NFGRFF. R

’ PRFC: = CRITICAL PRFESSHRF,PSTA

NIMENSTNAN YMOLF(16),YMW(16),TEMC(16),PRFC(16),A(8)
%y X (5) C :

NATA A/0.31506237,1.0467099,0.57832729,0.53530771,
1 0.,61232032,0,1048B8813,0.,68B157001,0.h8446549/
F=n, 0006 '

RFAD AND WRITE INPUT DATA

: WRITE(6,208)
208 FORMAT('1')

© RFAD(5,20(1) (YMW(I),TFMC(I)yPRF((I),I—l 16y 7
201 FﬂRMAT(BFIO 5) : " '



Do

107

", MAIN  PROGRAM ' e oo (CONT! D)

WRITE(6,212) .
517 FORMAT(////7/429%, "MIL. WT. 'y 10X, 'CRIT. TEMP.",8X
w,VCRIT. PRFESS.t s/, '
147X, 'NFG, RANKIN' 312X, 'PSTAY, /)
WRITE (6, ?07)(YMW(I),TFMC(I).PRF((I),1—1,16)

202 FNRMAT(10X,'C0N2 %F?O 51/910X, N2 'y 3F20.5,/

%410 Xy 'H2S '

1,3F20.5,/910X,'C1 1 ,3F20.549/410X,1C? ' ,3an.s,

/[y 10X,'f3

1 ,3F20.5, /,1ox,'1 —C4 1,3F20.54/ 410X, ' N=C4 '
BF?O Sy /.10x,-1- ,

1r5 1 3F20.54/ 910Xy 'N= ~C5 Y4 3E20.5./910X,'1-C6 '
,3F20.5, /,10x, S '

1 N-C6 1 93F2045,4/ 510X, 1-C7 ', 3F20.5,/4310Xy 'N=C7

% VS3F20.5, /, -

110X, *N=CR P 3F20.5,/, 10X, 'HE 1 ,3F20.5)

REAN(5,206) (YMOLF(1),1=1,16)
206 FNRMAT(5F15.8)
WRITE(6,215)
215 PﬂRMAT('l',////////,?7X,'MﬂlF FRACTIDN' /)

rﬂMPﬂQTTIﬂN OF COMPOMENTS MUST RE ENTERFED IN-,
THF. SAMF NRDER AS THF NUTPUT FORMAT 202

. WRITF(6, 707)(YM0|F(I)9I—1116)
207 FORMAT (10X,'C02 VaF20454/49 10Xy 'N2 - 1y F20.547
%, 10Xy 'H2S !

’
1F20.59/910X7'C1 Vo F200.54 /910X, 102 'yF20. 5 /
%, INX4'C3 'y 0(
1F20.5, /510X, 1-C4 ' F20.54/4 10X, 'N=C4 'y F20.5, ﬁ
it *y ].OXy' I"'Cq ’, i - o -,,
1F20 .5, /910X 4N~ CS-_ 1LF20.5,/,10X,'1-C6 yF?O 5 / \\\\\
%, 10X, ' N=-C6H ) ' ' :
1F20.54 /410X, " I=CT VLF20.5,4/4 10X, 'N=C7 _,F?O.Sy/
#y 10Xy PN=CR 1, . ' . : .
1F20 .5, /4 10XV HF C VGF20.54//7777)

RFAD(5,206) DIAM,DEPTH,TSND
"REAN(5,206) W, TSN,PSD, Tnn
WRITE(6,219)

219 FnRMAT(///,lox,'PRnnurTInN PRﬂRLFM') ‘
WRITE(6,216) DIAM,DEPTH . .
WRITF(h,217) 0,TSAD,TSN,TNN,PSD ‘ :

T 216 ﬁnRMAT(//////,lox,'TURING To Doty 27Xy '=',F10.3,"

s INCHFSY 3/

110X, *THF LENGTH OF FLOW STRING =1,F10.3,"

"% FFET') . -
217 FﬂRMAT(IOX,'FLﬂw RATE',30X,'=',F10,3,' MSCF/DAY',/,

110X, ' THF AVE, TEMP, Q& THF GROLIND SURFACE =1 4F10.3,!

*  F',/,

s
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“. 108

MATN  PROGRAM ees (CONTIN)

110X, *THF TEMP, 0OF FLﬂQING STREAM AT SURFACE ="F10.3;'

¥ Rty /, .
110X, '"THE TFMP. OF THE PRODUCING FORMATINN =1, F10.3,!
* Rty /, ‘

110X, " THE WFLL HEAD THRING PRESSURE =V F10.3,
¥  PSIA',///) ' )

WRTITE NUTPUT HEADING

WRITE (6,111) ~ : o
111 FORMAT ('1',///420X,"SENSITIVITY ANALYSIS OF AVE T AND
X7 METHAN')
WRITE (6,112) : . _
112 FNRMAT (77 418Xy "DEPTH' 12X, 101y 12X, 'P20, 13X, 1T, 13X
KWV T2V ,4X, : .
T'BOTTOM HOLF PRESSURF ! 42X, ' CHANGE', //)
X(1)=DEPTH '
X(2)=0
X(3)=PSD
X(4)=TND - _
X(5)=TSD . ' . !
MO 11 K=1,5 . A
NRIGN=X(K) o ‘ "
PN 10 J=1,22 . .
X(K)=(1.+(J=11)/100.)*NRIGN
TF (J=21) 2,2,1
1 X{(K}=0ORIGN
60 T0 11
NEPTH=X(1)
N=X(2)
pSD:X(3).,
TPN=X(4)
TSND=X(5) v A

o

N

ROTTOM HOLE PRESSURE CALCULATINN USING AVERAGF TEMP

7

AND AVERAGE COMPRFSSIRTLITA FACTOR METHOD -

TAN=TNN+459 ,67
TSN=TSN+459,67 , _
TEM=(TDPD+TSN) L2, =~ - v

TRIAL AND ERROR FOR BATTOM HALF PRESSURE )
ASSITME BOTTOM HOLE PRESSURE FOUALS WELLHFAD PRESSURF

PRF1=PSH '
5568 PRF=PRF] . : . .
PRF={ PRF+PSDN) /2.0 o o



[ SR BN

5 6)

556

113
10
11

109

U MAIN  PROGRAM : W (CONT'DY,

CALL SUBRNUTINE PROP TN CACHLATE THE:
PSFHDUCRITICAL TFMPERATURE AND PRESSUIRE 0OF GAS

CALIL PROP(AVEMW,ZPRECy7TFMC s YMOLF YMW, TEMC,PREC, S6)
TRE=TEM/7TFMC '
PRC=PRF/7PREC,

-~

CALL SUBRNUTINF ZKATffTﬂ CACULLATE Z2Z-FACTOR

CALL ZKAT7(TRC,PRCyZ,A)
NENS=0,00149256%AVEMWXPRF/(7%TFM)

CALL SUBRNUTINFE VISCAN TN CACHLATE THF GAS VISCOSITY

CALL VISCN(TEM,PRE yAVEMW,NENS ,VTSM)
RFN=20, 094595%0%SG/ (VI SMNT AM)

CALL SUBRAUTINFE FRICT TO CACULATF FRICTION FACTOR

CALL FRICT (E,NDIAM,FF,REN)
S=2.,0%SGENFPTH/ (53,34 %TEMXZ)

T=(PSN#x2 ) (EXP(S)) ~ .

W=25,0%((0/1000.0 )%%2)%SG*TFM*FF %NEP TH*7

V=FXP(S)=-1.0 - L '

U= {NJAM%%K) %S ‘

PP=T#+ (W'Y /U

PRE?=PP*%0..5

NFLP=ARS(PRE1-PRF2) ] ' .

"COMPARF CALCULLATED P1 WITH ASSHUMED Pl

TF. NNT FOHAL,ASSHME P11 = CALCULATFD P1

TF (DELP=0.1) 556,556,560 .

PRF1=PRF? ' , : .

6N TO 555 o . .
NIF=3721,77966 :

FRR=( (PRF1-DIF)/PIF )*100, T
WRITE (64113) NDEPTH,N,PSN,TON, TSN,PRF1,FRR .
FORMAT (10X,7F15.5)

CONT INUF - :
CONTINUF Q ' L.
CALL FXIT

FND
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MATN  PROGRAM

20 200 21O RO KNeRE e e el 36 ol el e ol ol 5l i e 36K e A sk ol IUEAEA R AR R RS R R R R VR
¥ SENSTTIVITY ANALYSIS NF AVERAGE DENSITY METHOD *
s THIS PROGRAM CALCHIATFS THE FFFFCT OF *
% VARTATIONS 1IN THF INPUT PARAMETERS NN %
N THFE CALCULATED BNTTNOM=HNLE PRFSSURFE, 5
* X{KY=1 VARTATINN IN NDFPTH e
2 X{K)=2 VARTATINN IN FLOW RATE *
* X(K)=3 VARTATION IN WFLILHFAD TURING PRFSSURE =
sk X(K)=4 VARTATINN IN BOTTAM-HOLF TFMPFRATURE e
e X{K)=5 VARIATINN IN WELLHFAD TFMPFRATURE 3
A3 xq*<f*****¥n*>“*%* < 35 A2 3¢ A S X NI R 4R K e 3k XX 4 3 i e sl vk ok -

NDMFNFLATURF

MOLF FRACTINN .

YMOLF =
YMW = MNLECULAR WFIGHT
TEMC = CRITICAL TEMPFRATURF,NFGRFF R
PRFC = CRITICAL PRFSSIRF,PSIA
NTAM = TNSIDE DIAMETFR NF FLNW PIPF, INCHES
S TSh = WFLLHFAD TEMPFRATHRF ,NDEGRFE F
“TPNn = BOTTOM=HOLE TFMPERATURF ,NFGRFF F
PSN = WELLHFAD PRESSHRF,PSTA
0 = FLOW RATF =~ %
TRC = REDUCFEN TEMPFRATURE
PRC . = RFDUCFN PRESSIIRF
7TEMC = PSFUDNCRITICAL TFMPFRATHREF,NDFGRFE R
7PRFC. = PSFUDNCRITICAL PRESSURF,PSIA
¢ = GAS GRAVITY
NFNS = NDFNSITY '
REN- = RFYNOLDS NUMBFR
AVEMW = AVERAGFE MNLFCIILAR WFIGHT
VISM = VISCOSITY,CP
TEMC = CRITICAL TFMPFRATURF NFGRFF R
PRFCC = CRITICAL PRESSURE,PSIA

20R

201

212

NIMENSTON YMﬂlF(16),YMN(]6),TFM((IA),PRFC(]é),A(H)
e X{(H)

DATA A/0.31506237,1.0467099,0, 57832729,0.53530771,
1 0.61232032,0.10488813,0. 6B8157001,0, 68446549/

RFAD AND NRJTF INPUT NDATA

WRITE (6,208) .
FORMAT( V1) -

RFAD(5,201) (YMW(I),TFM((I),PRFr(I),1—1,16)
FORMAT(3F10,5)

WRITE(A,212) . :
FORMAT(/ /777 929Xy "MOL. WT. ', 10%,'CRIT. TEMP.',8X



Do

11T

MATN  PROGRAM ces (CONTEN)
’f"'CRIT. pRF‘SS.',/v
147X, ' NDFG. RANKIN' 412X, 'PSTAY, /)
WRITE(64202) (YMW(T )y TFMC(I)4PRFEC(T),1=1,16)

2)2 FORMAT(10X,'CN?2 Y3F20.5, /510X, 'N? "W3F20.5,/
%y 10X 4 VH2S '
Ve3F20.5,/4,10X,'C1 Vy3F20,5,/,10%X, (72
/310X, ' C3
1 V4 3F20.5,/410X,'1=C4
Wy 3F2 005, /410X 0=
165 'y3F20.5,/ 410X, 'N=C5
%y 3F20.5,/,10X,

'23F20.5,
'3 3F20.0549 /410X 4 'N=-C4 !

’13F7().qp/y]OX7'I—C6 !

LIN=C6  133F20.5,/,3 10X, 1=C7  *,3F20.5,/,10X, 'N=C7
¥ OV W3F20.5,/, .
110)(,'N—C" "3F2().57/y10X1'HF |,3F70.C))

READ (5,200 (YMOLF(1),T=1,16)
216 FORMAT(S5F15.8)
WRITE(6,215) ,
215 FORMAT(Y 1Yy //////// 427Xy "MOLF FRACTION', /)

COMPOSTITINN OF COMPNMENTS MUST RE FNTERFND IN
THE SAMF NRDER AS THF- NUTPUT FORMAT 202

WRITE(A,207) {YMOLF(I),1=1,16)

%,10 %X, "N=C8 ',
TF20 .54/, 10X, “AF.

207 FORMAT (10X,'C02 'yF20.5, /4 10X 44N "W F20.5,/
%y, 10 Xy VH? S T, ' '
1F20 .54 /4310X,¢C1 VaF20.5, /410X ,7C2 "2 F20.5,/
%*,10X%X, 'C3 ', N .
1F20 .54 /4,10X,' 1-C4 M aF20.5,/, 10X, 'N=C4 'Y F20.5,/
®e 10Xy, ' T=-C5 LIS
1F20 .5, /410X, " N=C5 VaF20.5,/, 10X, 1-C6 1y F20.5,/
Ry 10 Xy tN=C A ', . .
1F20 .5y /410Xy " I=CT ' 4yF20.5,4/,10X4tN=C7 'y F20.5,/

VWR20:54,//7777)

RFEFAD(54206) DIAM,DE!  H,.TSOD o
RFEFAD(S,206) Q4TSDLFIN,THN

WRITE(6,219)

219 FORMAT(/// 910X "PRODUCTINN PRORLFM!)

WRITE(hy216) DIAMDEPTH
WRITE(6,217) Q,TSOD,TSN,THN,PSN

* INCHFS!? 1/,

216 FORMAT(/////7/7+10Xs 'TURBING T. Doty 27Xy '=13F10.3,"

110X, THE LENGTH ﬂF FLMI STRING | =1, F10.3,!

% FFETY)

217 FORMAT(10X,'FLLOW RATF',30X,!'=
110X, "THF AVF. TEMP, NF THE GROUNND SURFACE

# Fiy /s

'yF10.3,' MSCF/DAY!',/,
='7F10.2,'

170X, ' THE TFMP. OF FLNWING STREAM AT SURFACF =1,F10.3,"

X FNy/,



12

MATIN PROGRAM eas (CONT DY
110 X4 ' THE TEMP. OF THFE PRODUCING FORMAT(IN S T
x Fty/, | : )
110X, P THE WELL HEAD TUHRING PRESSHRE ’ =T, FI0,. 3,

v  PSTAY,// /)

™

a0

e

O OO

111

WRITEF NUTPUT HFANING

WMRITE (Hy111)
FORMAT (Y1, ///420X, 'SENSITIVITY ANALYSTS 0OF AVFERAGFE

CENENSITY METHODY )

WRITE (h,112)

117 FORMAT (/7 41BXa *NEPTHY 12X, "0, 12X, P2 1,13X,'T1%,13X

*y'T?'yQX,

1'BOTTOM: HALE PRESSURF ', 2X, ! CHANGF',//)
X(1)=NFPTH

X(21=0

X(3)=PSD

X{4)=TNN
CX(5)=7SD

N1l K=1,5

NRIGN=X(K)

nn 10 J=1,22 )
X{K)={1,+(J=-11)/100.)*NRIGN
TF {(J-21) 2,2,1

X (K)=NRIGN

GOOTN 11

NMEPTH=X(1)

N=X(2)

PSD=X{3)

TNN=X( &)

TSN=X(5)

RNTTNM=HNL F PRESSURE CALCULATINN USING AVERAGF
NENSITY MFTHOD

F=n,000A
TNDN=TND+ 459,67 o
TSN=TSN+459,67 '

TRIAL AND - FRROR FOR RATTNAM HNOILF PRESSURF
ASSIMF BNTTM HOLF PRFSSURF FOUALS WFLLHEAD PRESSURF

PRF1=PSD

CALL SURRNUTINE PROP TN CACULATE THE
BSEINOCRTITICAL TFMPERATURE ANN PRESSURE NF GAS

2



aEe]

D

lMAIN PROGRAM ees [CANTEN)

S CALL
55% TRC1=

PROP(AVEMW,,7PREC 4 7TEMC 3 YMOLF yYMW, TFMC,PREC, SG)
ThN/7TEMC

PRC1=PRF1/ZPRFC

CALL

ALY
TRC?=
‘PRF D=
PRCY =
CALYL

CALCH)

NDENS 1=
NEFNS2 =

NFNS =
TFM=(
PRF=

CALL

CALL

SHUBRODTINF 7KAT7 TN CACUI_ATF 7-FACTOR

JKAT7(TRC14PRC1+71,A)
TSN/ 7TEMC

PSN

PRF?2/7PRFC
JKAT7(TRC24PRC2477,4)

LATF AVERAGF DFNSTTY

-

/
ND.N0149286%AVEMUEPRE /{7 1=T0Nn)
Ne0014G2BEXAVENMMEPKED /(72T
(NFENSI+DFENS?2 ) /2.0
TN+ TSD)Y /2. .
PRF1I+PRE2)/2.0 ’

SURRNUTINF VISCN TN CACUI_ATF THF GAS VISCNSITY,

VISCN{TEM, PRE JAVEMW ,NENS YV TSM)

RFEN=20,094595%x0%SG/ (VI SM=DT AM)

CALL

CALL

SURRNUTINE FRICT TN CACULATF FRICTION FACTNR

Lt

FRICT (FyDIAM,FF,REN})

$S=).009374=SGHDEPTH

T=PRE

1/(Tﬂﬂ*(1)+P§U/(T§D 77)

=NT AMERS 0
V224,99 ((0/1000,0)%%2,0)%NFPTH%SEG %FF

PRF3=
NFLP=

PSPDH{SxT)+V/ (U%T)
ARS(PRF3-PRF1)

COMPARF CALCUILLATFD PY1 WITH ASSHIMED P1
TE NOT FOUAL yASSUME P1 = CALCHILATFED P

TR (D
561y PRF1Y
o0 TN

FILP=0.,1) 556,556,560

=PREF3

556

586 AIF=3714,.31245

FRR={(
HWRITF
113 FNRMA

(PRF1- DIF)/HIF)*1OO
(63113) DEPTHN 4PSN,TNN, TSN,PRF1,FRR
T (10X,7F15.5) :

113



114

MATN  PRIIGRAM ' s (CONTIN)

1Y CONTINUF

11 CONT INOF
CALIFXTT
S NTa)



e

1

MATIN  PRO

*:“*X**«"R’ %ok B XA
% SENSITIVITY
* METHOD
* THIS PROG
VARTATION
#* THF CALCU
N X(K)=1
A X(K)=2
Sk X(K)=3
Sk CX(K) =4
% X(K)”S
¥e sz e se e s 4 sl MR e

NﬂMFNCLATHRF

YMAOLF

GRAM

*»***v***q»*****ﬁ**a*»*#***»*$***4***
ANALYSIQ NF CULLENDER AND SMITH

RAM CALCGIN_ATES THF EFFFCT 0OF

S IN THFE INPUT PARAMETFRS NN

LATFD BATTNM=— -HNALF PRFSSIRF,

VARIATINN IN DFPTH -

VARIATINN IN FLNOW RATE

VARIATION IN WFLLHFAD TURING PRFSSURFE
VARIATIAN IN RNTTAM=HNLF TEMPFRATURE
VARTATINN IN WELLHFAD TFMPFRATURFE

115

2
bed

e
p=

i

3503 3 4 3 4E b 3t

it

f:***%**m**\ N!*—.*‘*"‘i*».“‘*—kf e %e e =k e %Ok Heok Aok Kk AR RN

= MNLE FRACTION = -
Y MW = MNLECULAR WEIGH!

TEMC = GCRITICAL TEMPFRATURF,NFGREF R

PREC = CRITICAL PRESSURE,PSIA

NIAM = INSIDE DIAMETFR 0OF FLOW pPIPF, INCHFQ
TSH = WELLHFAD TEMRFRBTURE,NFGREE F

ThD = RNTTOM=HNLE TEMPERATURFE ,NEGRFF F
pPSn = WFLLHEAD PRFSSURE,PSIA

N = FLOW RATF

TRC~ = REDUCEND TFEMPFRATURE

PRC = REDUCEN PRESSURE

7TEMC = PSEUDNCRITICAL TEMPERATURE, DFGRFF R
JPREC = PSEUDDCRITICAL PRESSURE, PSIA

¢ = GAS GRAVITY

NENS = DFNSITY ,

REN = RFYNOLNS. NUMRER : .
AVEMW = AVERAGE MOLECULAR WFEIGHT

VISM = VISCOSITY,CP :

TEMC = CRITICAL TtMPFRATURF NEGRFF R

PREC = CRITICAL PRESSURF, PSIA

NIMENS TON YMﬂlF(16),YMw(lh),TFM((lh){PRFC(lb)yA(B)

wy X(5) :
PATA A/0.3150
N.61232032,0.

READ AND WRIT

WRITE (A,208)

s 208 FORMAT('1') | .
REAN( 5,201k (YMW(T) 3 TFMC (1) ,PREC(T),1=1,16)

201

NDRMAT(3F10.5
WRITE(6,212)

6237 1.04670899,0.57832729, 0. 53530771v

10488813,0.68157001,0, hBL4LES549/

F INPUT NATA

)

c3



oM

212

2)?

B

216

215

2n7

219

MATN

FNRMAT(//7/7429X%,
*v'CRIT. k\RFSSo'

PROAGRAM

MO
v/ y

ee (CONTIN)

e WT ', 10X,'CRIT.

1A7X,'DFC.hRANKIN',l?X"PQIA',/)
WRITF(A, 797)(YMW(I),TFM((I),PRFF(I),T— 716)

FﬂQMAT(lﬂX"Cﬂ?
Ty 1VX, TH2S '
143F20.5,/,10X,
/10X, '3

'Cl1

1T ', 3E20.5,/,10X, V[ ~C4

*q 3F70.E’y/9 IOX"‘"I_

13F20.54/7, 10X, tND

1, 3F20.5,/,10%X,0C?

v 3F20.5,/,10X

'Yy 3F20.

105 13F20.5,/, 10X, 1N=C5 Sy /s
t,‘AaF?() R /,1())(,

1tYN=-CAH ty3F20, 5 /yIOXv'I_C7

OV L3F20,5,/,

FINX,'N=CR 1, 3F20,5,/,10X, 'HF ', 3F

RFAN(S5, 20k}
FORMAT(5F]15,.8)
MRITF(A,215)

(YMOLF(I),1=1,14)

116 -

TEMP ' ,8X
,’%FZO.S' /

'y3F20.5,
y 'N=-C 4 '

10X, 'I-Ch !

v3F20.5, /510X, 'N=C7

20.5)

#anAT('1',////////,?7X,'MnLF FRACTINNT, /)

(‘FIMDHQTT]”N

OF COMPONENTS MUST RF FNTFRFD

THF SAMF NRDER.AS THF ﬂUTPHT FOARMAT 202

URITF(B,?d?)(YMﬂLF(I),I=1,16)

'yF20.5,/7, 10X,

FORMAT (10X,'CN? TN D
t, INX, tHPS 'l,
1F20,.5,/,10X,'C1 "yF20.55/,10X,1C?
£,10X%X, '3 ', : : C
TR20.5,/,10X,1 [-C4 yF20.54/,10X,'N=C4
*'IOX"L—C:’ ', "
TE20 .54 /,10X, ' N=C& 'Y F20.5, /510X, 1~L6
X, 10X, 'N=( 6 v, . :
1F20.5,/,10X,' 1=-C7 'WF20.5,7,10X,'N=C7
y 10X, "N-CR ', .
1F20.5,/,10X, "' HFE "WF20.54/7777)
READ(S,206K) DIAMDEPTH,TSON
RFAN(5,206) Q,TSP,PSN, TNN
WRITF(A,219)
bnRMAT(/// 10X, *PRODICTINN PROHLFM')
WRITE(A,216) DIAM,DEPTH
WRITF(A,217) O,TSND,TSN,TNN,PSH
?16'FﬂRMAT(//////,lOX,'THRTNG Ie Mot , 27X, 0=

* INCHFS?,/,
110X, ¢ THF
% FFEFETY)

iFNGTH NF FLNW QTRING

217 FORMAT( 10X, 'FI MW RATF'.BOX,"',F]O 3,

110X, *THF AVF,
= Fry/, .
110X, ' THE TFMP,

o

TEMP,

NF THE GRAIIND SURFA

OF FLAWING STRFAM AT SURFACF =

IN

.el'?’

P
',F20.5,/

'y F20.5, /

' F20.5,/

'y F20.5,7/

'y F20.5,/

Py F10.3,0
:.,F],O.%,'
MSCF/DAY?Y, /,
CE  =1,F10.3,!

YWF10.3,



o000

OO

MAIN PROGRAM ees ([CONTID))

x F1,/, »

110X, ' THF TEMP. OF THF PRODUCING FOARMATINN =',F10,
R F1y/y ,

110X, ' THFE WFLLL HEAD TURING PRFESSURF =V',F10.,

w  PSTIAY,///)

WRITFE NUTPUT HEADING

NRITF {(64111)

FAND SMITH MEYHOD!')
WRITE (6,112)

1'BOTTNM HNLE PRESSURF 1y 2X 4! CHANGE 'y // )
"X (1)=DFPTH ) ‘

X (21=0

X (3)=PSD

X(4)=TDD . , o
X(5)=TSDN a .

NN 11 K=1,5

" ARIGN=X(K)

na 10 J=1,22
X(KY=(1.+(J=11)/100.)%NRIGN
TF (J=21) 24241 '
X({K)=0RIGN

GO T 11

NFPTH=X(1)

N=Xx(2)

PSN=X(3)

TNN=X{4)

TSD:X(%)

v/

3,!

3,

111 FORMAT ('1',///.3OX,'§FNSITIVITY ANALYSIS DF CULLFNDFR

112 FORMAT (//, 18X9'DFPTH"17X. NV 12X, "P21,13X,¢'T1%,13X
.*,'TP',4X, ' .

ROTTOM HNLE PRESSURF CALCULATION USING CULLENDER AND .

SMITH MFTHON

1ISING A TWD STEP CALCULLATION - SCHFMF

"GN1=0.0

"NEPTH=0,0" .
TEMI=TSN+459,67 - ' )
PRF1=PSD ° - :

- SG=0, 64

CALL %HRRHUTINé:PRUP TN CACULATF THF
PSFIDNCRITICAL TFMPFRATURE AND PRESSURF 0F GAS

CALL PRﬂP(AVEMWyZPREC,7TEMCgYMﬂLﬁ,YMN,TFMC,PREC,SG)



D

O

555

- GN1=GND®

118

MAIN PROGRAM ceee (CONTIIND)
TRC=TFM1/7TEMC h
PRC=PRF1/ZPREC

CALIL SURRNUTINE 7KAT7 TN CACULATFE 7-FACTOR

A

CALL 7KAT7(TRCyPRC4yZ, M)
D=PRF1/(7%TEM])
R=N#xx2_0

TFM=TFM1 ‘.

PRE=PRF ] . \l " o
NENS=0,00149256%AVEMUSPRE / (7% TEM)

CALL SHBRODUTINFE vISCN TN CACULATF THF GAS VISCNSITY

FAIL.VIQ(“(TFM PRE s AVFMW ,NFNS, VIQM)
REN=20, OQASQS*O*SG/(VYQM*DIAM)
F=0.,00n06

CALL SURRNUTINF FRICT TN CACULATF FRICTION FACTOR.

CALL FRICT (F, NIAM,FF ,REN)

C=(h6A, 6*((0/1000 O)**? O)~=FJ:)/(DIAM**‘> 0)
GN=D/{(R+()
GN2=GN

CALCULATFE 1 AT WFLLHFAD CONDITINNS

=2 OXSGENFEPTH/53 L 34
W=GN+ GN LY
NFILP=M/W
PRFN=PSN+NFL P

PFPTH=X(1.)/2.

M=2, O*QG#DFPTH/SB 34
W=GN+ GN T

NELP=M/W

PRFN=PSN+NFL P _ 3
NIFF=ABS(PREN=PRF])

IF (DIFF-0.1) 560,560,555

T

CALCULATFE T AT HALF=DEPTH

PRF1=PREN
TFM1=459.67+ (TPP+TSN) /7,
DFPTH—X(I)/Z.



MATN  PRNOGRAM eee (CONTID)

“PRC=PRF1/7PREC

TRC=TFM1/7TEMC
CALL 7KAT7(TRC,PRC+Z,4A)
N= PREI/(?*TFMI)

=N.,00149256%AVEMWXPRE/ (7 %TFM)
CALL VISCN(TEM,PREZAVEMW,DENS,VISM)
REN=20.,094595%Q%SG/ (VISMENT AM)

- CALL FRICT (ELDIAM,FF,REN)

560

554

C=(A6A6%((Q/1000, O)**? 0)*FF)/(ﬂIAM**5 0)

GN=N/(R+()

M=2, O*QG*HFPTH/SB 34
W=GN+GN2

PELP=M/W

PREN=PSN+NFLP
NIFF=ARS(PREN-PRF1)

TF (DIFF=0.,1) 560,560,555

CALCULATFE T AT ROTTOM=HOLF CONDITINNS

NFPTH=X{1)

PRF3=PREN

GN3I=GN

M=2. 0% SGXNEPTH/ (2. 0%53 . 34)
W=GN+ GN3

NFLP=M/W®

PRFN=PRF3+DELP
DIFF=ARS(PREN=-PRF1)

TF (NIFF=0.1) 570,570,554
NEPTH=X(1)

TEM1=TDPN+459.67

PRF1=PREN

" TRC=TFM1/7TFMC

PRC=PRF1/7PREC ,

CALL: 7KAT7{TRC,PRC,Z,4)
N=PRF1/(7%TFML1)

R=Nx%x2,0

TEM=TEM1

PRE=(PRF1+PSN)/2.0
NENS=0.00149256%AVEMW*PRE / (7%TEM)
CALL VISCN(TEM,PRE,AVFMW,NENS,VISM)
REN=20.094595%0%5G/ (VISM*DIAM)

CALL FRICT (E4DIAM,FF,REN)-

C=(hb6, 6*((0/1000 0)%%2,0)V%FF)/(DIAM%%5,0)

GN=D/ (R+C)

M=2,0%SGENEPTH/ (2. o*sz 34) o

W=GN+ GN3 -

1

b

119



ok Ne]

MATN  PRNOGRAM .. (CONTED)
NELP=M/W

PREN=PRF 3+ NELP

NIFF=ARS(PREN=PRF1)

CTF ADIFF=0,1) 570,570,554

570

CONTINMtIE

SE STMPSNN'S RULE TN NBTAIN THF
ANTT OM=HOLF PRESSURE

GN4&=GN

 FRR={ (P=NIF)/DIF)%100. o

114
10
11

NEPTH=X(1)
G=GN2+ (4, 0%GN3)+GN&
F=SGXNDFPTH*3,0%2,0
P=PSN+(F/(53.34%G))
NIF=1091.71616

WRITF (6,114) DEPTH0,PSN,TNN, TSN 4P 4FRR
FORMAT (10X,7F15.5) .

CONTINUIF

CONTINUIF

CALL FXI1T-

FND

120

oy
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MAIN  PROGRAM

~~%»****** Ao afe exe Al 3¢ e sk e xR

~

121

R R R A R R L X

% SENSITIVITY ANALYSIS 0OF PNETTMANN METHOD *

*  THIS PROGRAM CALCULATFES THF FFFFCT NF %
© = 0 VARIATIONS IN THF INPUT PARAMETERS 0ON X

% THF CALCULATFD BNTTNM-HNLE PRFSSURE, *

o X(K)=1 VARIATINN . IN DEPTH i ok
L% X(K)=2 VARTATINN IN FLOW RATF - s
s X(K)=3 VARIATINN IN WFLLHFAD TUBING PRESSURE

g X(K)=4 VARIATINN IN BNTTNM-HNLF TFMPERATURE g

i X(K)=5 VARIATINN IN WFLLHEAD TEMPFRATURE *

X**"#*)**H**********#***M¥i*****%*******************

NOMENCLATURFE:

YMOIF
YMW
TEMC
PRFC
"DIAM
" TSD
TND
PSD*
0
TRC .
PRC
7TFEMC
7 PRFC
SG
NENS
_ REN
o AVEMW
S VISM
TFMC
PRFC

o H g 1 ogp

FLLOW

oo N

NFENS

MOLE,
MOLECULAR WE IGHT
CRITICAL TEMPFRATURE ,NEGRE

CRITICAL PRESSURE,PSIA

INSIDE NIAMETER 0OF FLOW PIP. = 'ES
WELLHEAD TEMPERATURF,NFGREF
BNTTOM=HOLE TFMPERATURE ,DEGRE- F
WELLHEAD PRESSURE,PSIA

FRACTINN

RATE

ITY

RFYNOLNS NUMBFR
AVERAGE MOLFECULAR WFIGHT -
VISCOSITY,CP
CRITICAL TEMPFRATURF, DEGRFE R
CRITICAL PRESSURF,PSIA

RFNDUCED TEMPFRATURF
RFNUCEN PRESSURE. -
PSFUNNCRITICAL TFMPFRATURF DFGRFE R
PSFUNOCRITICAL
GAS GRAVITY

PRESSURE,PSIA

NIMENSTAN YMOLF(16),YMW(16), TEMC({16) PRFC(16),A(8)

¥y X(5)

NATA A/0, 31506237,1 0467089,0, 578377?9 0.53530771,
1 0.61232032,0.10488813,0. 68157001 40.68446549/

READ AND WRITE . INPUT DATA

WRTITE(64208)
208 FORMAT('17)
RFEAD(5,201)

201 FORMAT(3F10.5)

WRITE(A,212)

212 FORMAT(///// 429X, 'MOL. WT.',

(YMW(I),TFMC(I)'PRFC(I),I- v16)

10X, "CRIT. TEMP.',8X



g

122

MAIN PROGRAM e e s (CONT'D) k\ a
: e
Xy CRIT. PRESSH " 4/, . '
147Xy "NFG. RANKIN' 12X, 'PSIA!, /)
WRITE (6, ?02)(YMw(I)qTFMC(I),PRFr(I),1—1 16)

202 FORMAT(10X,'CN2 's3F20.54/, 18X 4 'N?2 "2 3F20 .5,/
%y 10X, YH2S ' i :
1,3F720.5,/,10X,2C1 "W3F?20e54/4510X,41C? 'y3F20.5,

*/ey 10Xy 1 C3 .
1 'y 3F20.5,/4,10X,'1-C4 'y 3F20.54/410X, 'N=-C4 '
g 3F20.59/410X, "1~ » . ST
105 'y 3F20.54/410X, 'N=C5 Va3F20.5,/410X,01-Ch !
2 3F20.5,/410X, .
1'N=-C6 "'y3F20.54/410X4'1-C7 'y3F20.54 /410X, *N=C7
(S '13‘F20.61/’
110X, "N-C8 ' y3F20.59/4 10X, THE 'y 3F20,5)
READN(H,206) (YMOLF(I),I=1,16)
206 FNRMAT(5F15.8)
WMRITE(6,215)
215 FORMAT('I'9////////1?7X,'M0LF FRACTINNY, /)
. a .

COMPOSITION OF COMPONFNTS MUST RE -ENTFRFD IN
THFE SAMF NRDER AS THF NUTPUT FNRMAT 202

WRTITE(6,207) (YMOLF(I),1=1,15)

207 FORMAT (10X,'€02 VaF20454 /410Xy N2 'ZwF20.5,4/
¥, 10X 4 'H2S L
1F20.5,/7410X4'C1 . VeF20454/7410X,C2 . VWF20.5,4/
ey 10X, C3 Yy :

1F20 .54 /410X 4 1=C4 VaF20.5,/4y 10Xy IN=C4  V,F20.5,/
*,IOX,'I-C‘S - '7 ’

1F20 .54 /9 10X3*N=-C5 VyF20e5,/4510X,11-C6 'yF20.5,/-
Ry 10Xy 'N=CH - 1, . . ) S
1F20.5,/510X4%1-C7 14 F20.54/910X,y 'N=C7 'y F20.5,/
*910Xy'N—CR '7‘ ’

IF20 54 /79 10X, ' HE OV WF20.54///77)

REAN(5,206) DIAM,NDEPTH,TSON

RFAN(5,206) Q4TSNyPSD,TNN

WRITE(6,219) .

219 FNORMAT(7///4+10X, hPRDDHCTIﬂN PRORLFM ) 0
WRITE(HA,216) NDIAM,DEPTH - v :
WRITE(6,217) Qy TSDD,TSH THhh,PSN

216 FORMAT(/////7 y10X o' THURING Tu Nue 'y 27X, '=8,F10.3,1

% INCHFSt,/,

110X, *THF LENGTH NF FLNW STRING | ={,F10.3,"
*  FRETY) |

217 FORMAT(10X,'FLOW RATF',30X,'=',F1043,' MSCF/DAY',/,
110X, ' THF - AVE. TFMP., NF THE GROUND SURFACE  =',F10.3,!
* F1,/, '

110X, 4 THE TEMP. NF FLNWING STREAM AT SURFACE =1',F10.3,!
% ;'9/1 # '
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MATIN  PROGRAM eeoa ([COANT'D)
lle,'THF TEMP., NOF THF PRﬂDUCING FORMATION. ='yF10.3,
¥ FY, /, ; ‘
»llOX,'THF WELL HEAD TURING PRESSURE T =, F10.3,

* PSIAV,///)

WRITFE NUTPUT HEADING

WRITF (6,119)
119 FORMAT(Y 1Y, ///, 20X,
FUSENSTTIVITY ANALYSIS NF POETTMANN METHODY )
WRITE (6H,112)
112 FNRMAT (//,1Hx,'anTH',17x, Q',l?X,'P?',lBX,'Tl',l%X
B VT2V, 64X,
]'BﬂTTﬂM HE PRFSSUR!',?X,‘ CHANGF ', //)
“X(1)=DNFPTH
X{2)=0
. X(3)=PSD
CX{(4)=TDD Sy,
X(5)=TSD . : , _
NN 33 K=1,5 ‘ ) : 3
NMRIGN=X(K) . o
NN 44 J=1,22 :
XK= (1,4 (J=-11) /100 ) 2NRIGN,
ITF (J=21) 77,77,88
88 X(L():F]RIGN
GN'TO 33
77 DEPTH=X(1)
D=X(2)
PSDN=X( 3) :
TPD=X(4) ' _ f - .
TSN=X(5) - ’ ' :

ROTTOM HﬂLF PRESSURE CALCULATION USING
POFTTMANN METHOD

*
=0.0006
TDD-THD+459 67
TSN=TSM+ 459,67
TEM=(TNN+TSN) /2.
PRF1=PSH >

CALL SUBRRNUTINE PROP TN CACULATF THF
- PSFUNNCRITICAL TEMPERATURE AND PRESSURE OF GAS

CALL PRNP (AVEMMW,7PREC, 7TFMC?YMHLF YMW, TFMC yPREC S G)
TRC2=TFM/ 7 TEMC N
" PRC2=PRF1/7PREC :



10

22

111

95
96

P2=3000.0

124

o

MAIN  PROGRAM - ees {CONTINY .

H=0 ,05

Y1=PR?/H
N={2%Y1)/?
NDIM=N=3

NN 10 T=1,NDIM
PRITI=0,2+H%(I-1)

CALL SUBRNUTINF ZKAT7 TN CACULATE 7—FACTOR

CALL 7KAT7 (TR24PRUT),7(1),8) .
VIT)=7(T1)/PR(T) ’

CALLL SUBRMITINF OSF TN FVALIATF THE INTFGRAL
NF 7/PR MUMERICALLY
A STEP ST7F OF 0,05 IN PR IS USEN IN THF

NUMFRTCAL INTFGRATIDN y

CALL QSF (H,V,AIN,NDIM)

"FR1=PR2=PR(NDIM)

ASSIGN AN ERROR TNLERANCF DOF "0.001 IN PR

TF (ARS(FR1-0.001)) 272,22,111
C2=AIN(NNIM) :
GND TN 95 ‘ Ce

USE TRAPFZNIDAL RULE TA NRTAIN THE VALUE OF
THF INTEGRAL AT THE RFOUIREN PR

V1=V(NDIM) .
AL=AIN(NDIM) -
CALIL 7KATZ (TR2,PR2,72,A)
V2=72/PR2

C2=A1+ (V1+V2)%ER1/2.

TRIAL AND FRROR FNR THF ROTTAM=HNLE PRESSURE
GUFSS AM INITIAL VALUF FOR-THF“ROTTﬂMfHﬂLE PRESSURF

-

AP=(P2+PRF1)/2.

AT=TFM .
TRA=AT/ITFMC L ' .
PRA=AP/ZIPRFC

CALL ZKATZ (TRA,PRA,7AsA)
NENS=0,00149256%AVEMW*AP /(ZA%AT)
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21

55

66

94

99

98.

113
44
33

125

"MAIN  PROGRAM ees (CONT'D)
CALL SUBRNUTINF VISCN TO CACULATE THF GAS VISCOSITY

CALL VISCO (AT, AP yAVFEMW,NENS,VISM)

"RFN=20,094595%Q%SG/ (VISM%XDIAM)

CALL. SUBRODUTINE FRICT TO CACULATF FRICTION FACTOR

CALL FRICT(EDIAM,FF,RFN)
W=0, ?34293*FF*((0/1000.)*¥?)’(QG**?)
H=DTAM=%:x%5

" PR1=P2/7PRFC - —

TR1=TR?
H=0 .05
Y?2=PR1/H
N= (2%Y2) /2
NNIM=N-3
NO 21 T=1,NDIM
PR(T)=042+H%(1-1)
CALL 7KATZ (TR14PR(I)4Z2(1),A)
VET)=7(T1)/PR(I) ,
CALL OSF (HyVyAIN,NDIM)
FR2=PR1~PR(NDIM) '
[FLABS(ER2=0,001)) 55,55,66
Cl=AIN(NDIM)
GO0 TN 94 .
V1=V (NDIM) ' o
A2=AIN(NDIM) '
CALL 7KATZ (TR1,PR1,71,4A) .
V2=71/PR1
C1=A2+(V1+V2)%ER2/2.
CONTINUF
Xs-(sa 34%AT/SG)%(C1=-C2)

=WaR(XS%%D) /U
ﬂP—((nFPTH*T)/(xs DFPTH))**O 5
PN=PSD+NP
NFLP=ARS(PN-P2)
TF (NDFLP-0.,1) 98,98,99
P2=PN '
GO T 96
NIF=3635,29
FRR=( (PN=-NDIF)/DIF)*100.
WRITE (64113) DEPTH,0,PSN, Tnn an PN, FRR’
FORMAT (10X,7F15.5) )
CONT INUE . o i ’
CONTINUF
CALL FXIT
END
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201
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MATN  PROGRAM

NN AL AT N e B e A R D R i R P L B R Y B A A B N BV P T ] N AR NC T

QFNQITIVITY AAALYQIQ nF SUKKAR AND CORM L METHNAN=W
THIS PHROGRAM CALCULATES THF FEFECT NF *
VARTATIONS [N THE INWUT PARAMETERS (N *
THE CALCULATED BROTTOM=HNI_F PRESSHRE, e

i« X(K)=1 VARTIATION [N DFPTH . e
i X{K)=2 VARTIATION IN FLOW RATK %

X{K)=3 VARITATION IN WFLLHEAD TURING PRFSSURFE
o X(K) =4 VARTATION. [N BNTTOM=HOLE TFEMPERATOR F
s X{K)Y=5 VARTATINN IN WFLLHFAD TEMPERATURE %

AEHONT T NN HeRT sl e A2 ol Heole e e e s ok AR A R S A Y I S RV B B Vs X% XEIK RO TN Ne Aoz He e

bwwwNCIATImF

YMOLF = MNI_F FRACTION

Y MW = MOLECULAR WEIGHT

TEMC = CRITICAL TEMPFRATURF,NFGREF R

PRFC = CRITICAL PRFQMHRF PSTA

NPTAM = INSIDE DIAMFTFR NOF FLOW PIPF, INCHES
TSN = WELLHFAD TEMPFRATURE 4DFGRFE F ¢
THD = RNTTOM=HNLE TFMPFRATIIRF DFGRFF F
PSn = WELLHEAD PRFSSURF,PSTA

N = FLOW RATF

TRC = RFEDHCED TEMPFRATIIRF

PRC = REDUCFEDN PRESSLIRF

7TEMC = PSFUDNCRITICAL TFMPFRATURF,NDFGRFF R
7PRFC = PSEUDOCRITICAL PRFSSURE,PSTA

SG = GAS -GRAVITY

NENS - = NENSITY

REN = RFYNOLNS NUMRER

AVEMW = AVERAGE MNLECUL AR WFIGHT

VISM = VISCOSITY,CP

TEMC = CRITICAL TEMPFRATURE, NFGREE R

PRFC = CRITICAL PRESQHRF PSTA

DIMFNQIUN YMUIF(16),YMw(lé),TFMF(lﬁ)yPRFC(16)9A(8)

29 X(5)

NATA A/0.31506237,1.0467099,0, 57832729,0, 535307719
0.61232032,0, 1048881? 0. 6815700],0 68446549/

REAND AND WRITE INPUT NATA

WRITE(6,208)

FORMAT( 1)

RFAND(5,201) (YMW(I),TFMC(I),PRFF(I)yI—lylb)
FORMAT(3F10.5)

SWRITE(6,212)

FﬂRMAT(/////yZQX,'MHI. WTe'y 10X, 'CRTIT, TEMP,',8X

)
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e

216

MATN PROGRAM

H,ICRIT,
147X,

PRESS '/,
YDFG, RANKIN'.IZX.'PSIA'y/)

eses {CONTEN)

MRITHEEA, 202) (YMW T ) TEMCUT),PREC(T),1=1,16)

212 FORMAT(10X,1CN2 "L AF20.5,/, 10X, IND ',y 3F20.5,
2y, 10Xt S '
1,3F200 /410X, C1 PW3F20.5, /410X, 102 v 3IF20
f/,lﬂx,'r%
L 0,3620.5,/010X, 11 =Ca Yy AE20 .5, /410X, " N=C4
y3F2005, /10X, 1=
105 vIF2N 054/ 10Xy 'N=C 5 vIF20.5,7, 10X, ' 1=CA
B 3F2 0,5, /4 10X, : :
1'N=Ch PLAFE20.5,/, 10X, 1 =C7 'W3F2N.5,/,10X, 'N=-(7
=0 AF20,8,/, ‘
110Xy "N=CA 1, 3F20,5,/, 10X, 'HE 'e3F20.5)

REAN(5,206) (YMOLF(I),1=1,1A)
FORMAT(5F15 .8 )
WRITF(A,2159

127

/

o%'

217 FORMAT(10X,

5 FFETY)

110X, 'THE AVF,
110X, 'THE TFMP,

x  F1,/,

YFLOW RATF!,30X,'=",

TEMP, NF THF GRNUNN SURFACFE

NF FLNAWING

F10.3,!

STREAM AT SIIRFACF =1

215 FNRMAT(N LY/ /[ // 17/ 427Xy "MOLE FRACTICN', /)
COMPOSITINN (JF COMPONFENTS MHST RFE FMTFRFD N
THF SAMF NRNDER AS THE NUTPHT ENR2MAT 2070
al
WRITE(Ay2NDTIIYMOLF(T ), T=1,154) :
207 FORMAT (10X, (N2 FWFRF20.5, /7, 10X, 'ND 'y F20.5,/
%y 1N Xy VH2S 'y
1F2 .5, 4, 10X,* C1 VEP0.84 /010X, 002 ) 1, 520.5,
%410 Xy 13 T ‘ _ o
1F23 45, /,10X,' 1-C& W F2005, /7, 10X, N= Py 204654/
S &, 10X, 11-C5 vy o 5
1F20 054/, 10X,TN=CS "W F20.54/0 10X, =C6 'yF20.54/
%, 10 Xy "N=CA o, . : . ,
1F20 054/, 10X, 1=C7 VaFEDN.5, /4 1NX ,'N=CT " WF2D.5,/
%, 10 Xy "N=CR ty 2 :
1F20.54 /410X, ' HE 2 F20.5477777)
RFAN(S,206) DIAMDEPTH,TSNN
‘QFAH.(gv?_Oﬁ) QsTSNLPSN,TNN
. WRITE(/,219)
219 FNRMAT(/// 410X, '"PRODICTINN PRORLEMY!)
WRITE(A,?16) DIAMQDFPTH .
‘ WRITF(A,217) .0,TSOAD,TSN,THN,PSN
216 FORMAT(/////7/7+ 10Xy *TURING T, N 427X, '=4,F10,3,!
% INCHFS',/, ' : :
110Xy " THF LFNGTH NF FLNW STRING =1,F10,3,!

MSCF/DAY',/,

=1, F10,3,!

yF10.3,



114

117

HR

7

. 128
MATN  PROGRAM el (COT Y
110X, THE Tﬁup. NF THF PRODUCING FORMATION =V ,F10.3, "
% Fr o/, : ’ .
110X, " THFE WFLIL HFAD TIHRING PRFSSIIRE " =',F10,3,"

PSTAY, 7/ /)

WML TTE AUTPIT HEADING

WRITE (A,119)

EORMAT(NLY /7 /420X,
TUSEMNSITIVITY ANALYSIS NEOSHKKAR-
WRITE (A,112) )

AT /g IRX g YDERETHI 12X, 'Y, ]
LT AX,

CORNFLL METHNN ')

PXy'P2U 13X, VT, 13X

PPRDTTOM HNLE PRESSURE L, 2X 4 b CHANGE ',/ /)

X{1)=DF2TH

Y(2y=0

¥ (3)=PSn

X({4)=TH0

X(G) =TSN

Y33 K=1,5

AR ML Nz X (K)

NOah g=1,07

YUK = {Ter (J=11)/100)=NRIGN
TE (J=-21) 77,77,RH

X (K) =00 [ 6N

T 23

NEPTH=X( 1) - -~
N=Xx(7) ,
Pgn=x(3y 7 : ©
TRR=X(4)

TSN=X(5)

AOTT M= = PRESSURE CALCULATINN
CSHKKAR ANT CORNFLL MFTHNAN .

TNO=TNN+ 480, /7
TSN=TSN+45G .67
TEM= (THh+TSN) /7,
PREI=DPCN

AT=TFM

CALL, SHRRNETINF PRIP TN CACHLATE,

HSTNG_‘

THE

PSFINNCRITICAL 'TFMPERATURF AND PRFSSURE OF GAS

[

CALL PROP(AVFMW,7PRFC, 7TFMC YMOILFE yYMW, TEMC 4 PREC, SG)

TRC?2=TFM/7TFEMC
PRC?=PRF1/7PRFC
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 MAIN  PROGRAM e (CONTYNY)

FF=0.01482 Y

R=(565.6*FF*((0/1000.)**?)*(AT**?))/((DIAM**S)*(ZPRFC*
*A2) )

H=0 ,05

Y1=PR?/H

Nz (2:Y1) /2

NN IM=N=3

N 10 T=14,NDIM

PRIT)I=0.2+Hx(]-1) ‘e

CALL SUBRAUTINE ZKATZ TN CACULATE 7-FACTOR

CALL ZKAT7 (TR24PR(T)47(T),A) ) -
L VT =(7 (1) /PRIT) )/ (La+(BX(Z(T)/PR(T))%%2))

CALL SURRNUTINE QOSF TN FEVALUATE THE INTEGRAL
OF (Z/PR)/( 1.+ (B*(Z/PR)%%2)) NUMERICALLY

A STEP SIZF OF 0.05 IN PR IS IISED IN THF
NUMFRTCAL INTEGRATION :

CALL 0OSF (H,V,AIN,,DIM%
FR1=PR2-PR(NDIM) .

-

ASSIGN AN FRRNR TOLERANCE 0F 0.001 IN PR

TF (ARS(FR1=-0.001)) 22,722,111
22 C2=AIN(NDIM)
6N TO os-

HQF TRAPF?UIDAL RULE TN NRTAIN THF. VALUF OF
. THF INTFGRAL AT THE RFEOUIRFDN PR

111 V1I=V.(NDIM)
AL=AIN(NNIM) ) -
CALL 7KAT7 (TR2, PRZ 7244)
v2F72/PR2
C2=A 1+(V1+V2)uFR1/2.
95 w_(§6>nFPTH)/(53 34»AT)
AIN1=CP2+W
TR]~TFM/7TFMC
AN FRRNR TDLPRANCF NF 0.00001 1S AﬁﬁfPNFD
TN MATCHING THF CALCULATFD INTEGRAL

F=0.00001
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<

MATN  PROGRAM ‘ 2 coNT )

MDITM=NDTM+NDIM
N 11 T=1,NDIM .
PRIT)=0,2+H%(1-1)
CALIL 7KAT7 (TRL14PR(E),7(1)4A)
11 V(I)=(7 (1) /PRITIII/(La+(BE(Z(])/PR(T))%%2))
CALLL OSF (HyV,AINSNDIM) ' '
a0 T 4 : : , /
3 NDIM=NDIM=]

HSF THFE MFTHOD OF INTFRVAL HAILVING TN OBTAIN THF
VALLUF NF THFE PR THAT GIVFS AN INTEGRAL VALUE
FOUALS TN THE CALCULATFD INTEGRAL VALUE AT THE
ROTTAM=HNLF CONDITINONS .

4 TF (AIN(NDTIM)=AINYL) 1,1,
N TN 3 :
1 XH=AIN{NDNTM+ 1)
PH=PR (NN M+ 1)
XL=AIN(NDIM)y
PL=PR{NNTMY
2 XM= ( XH+XI) /2.
PM= (PH+PIL) /2.
TF (ARS(XM=AIN1)=-F) 5,5,14

N

14 TF {XM=ATN1) 9,5,6
6 XH=XM Co. . ~
PH=PM : :

-GN TH 20 : . ] k§
Q XL=XM . .

PlL=PM . .

GO TO 20

5 P=PM

PR=P%7PRF(
NIF=1072,41729 L
FRR=((PR=DIF) /NIF)%100,
WRITHR (6,113) DEPTH,N,PSD,TNHNH,TSN,PR, FRR
113 FARMAT (10X ,7F15.5)
44 CONTINGE
33 CONTINF . .
' CALL FXIT
FND
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SURROUTINE  PROP

SUBROUTINE PRDP(AVEMW,ZPRFC,ZTEMC,YMOLF,YMW,TEMCLPRFC

%456)

THIS SUBRNUTINE CALCULATES THF PSFUDPNCRITICAL
TFMPERATURE .AND PRESSURF 0OF THE GAS MIXTURE.

AZ17 AND WICHERT CORRFCTINN TO-THE STANDING-

KAT7 CHART 1S USFD TN CORRECT #NR THF PRESENCE

NF SNUR GASES ‘ ) .

NIMFNSTINN YMOLF(lé)yYMW(16)vTFMC(lﬁ)vPRFC(lﬁ)
M=1 . ’

M TAKFS NN THF VALUF 0OF O NR 1 sk
TF M=0,PSFUDOCRITICAL PROPERTIFS ARFE CALCULATED

RY THF SPECIFIC GRAVITY CNRRELATINN BY RROWN AND
FTAL..SNUR GAS IS CORRECTED RY CARR'S MFTHODN

AND WICHFRT AND AZIZ CNRRECTINN FACTNR

TF M=1,PSFUDOCRITICAL PROPERTIES ARF CALCULATED
(ISING MOLAL AVFRAGE AND CORRFCTED FNR SNUR GASES
HSING AZT7 AND WICHFRT CORRFCTINN TN STANDING-
KAT’;} CHART )

r

TF (M=1) 64444 o : N
AVEMW=0.0

PTEMC=0,0

PPRFC=0.0

PO 5 T=1,16 ‘
AVEMW=AVFMW+YMOLF (T)XYMW (1)
PTEMC=PTFMC+YMOLF (1) *TEMC(T)
PPRFEC=PPRFC+YMOLF (I )*PRFC(T) -
SG=AVFMW/ 28,97 g
GO TO 9 ' : . .
PTFMC=171.137+313.725%5G _ o :
PTEMC=PTFMC=80,0%YMOLF (1) =250, *YMOLF (2)+%30 . xYMOLF(3)
IF (SG-0.85) 7,7,8 . :
PPRFC=695.1-40,%SG

G0 TO 103 :

PPREC=T704,396=51,724%S06 :
PPREC=PPREC+440 . #*YMOLF (1) =170 . %YMOLF (234600, *YMOLF (3)
S1=YMNLF(1)+YMOLF (3)

F3=120,0%( S1%%0.90-S1%%1.6)+15.0%(S2%%0.50-52%%4)
S4=PTFMC+ S2% (1.0-52) *F3 ' :
7TFMCsPTFMC-E3 S .
7PREC=PPRFC*ZTEMC/S4 4

RETURN ) ' ’

SEND : ' e
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SURRNUTINF  7KAT7

A

SUBRNUTINFE ZKATZ (TR,PR,Z,A) p
THIS SURROUTINF CALCULATFS THE 7-FACTNR USING A
RENICFN R=W—=R FOUATINN, THF B=W-R COFFFTICIFENTS -
WERF CALCULATFD FROM-THF TARULAR PATA IN

'HANDRNNK OF NATURAL GAS ENGINFFRING!',

NIMENSTNN A(8)

TRC=TR

PRC= PR, , o

TTFR=0 '
DR:]_,() . .
TR{TRC~1,05) 43,13,13

TF{TRC=3.0) 14,14,43

TF(PRC=30.0) 15,15,413

NN 20 ITFR=1,10 °

PR 2=DR=NR

T1=(AL1)*TRC=A(2)=A(3) /TRC#%2)%NR
T2=(A(4)XxTRC-A({5)) %DR) |
T3=Ad B ) KA K) =NR&E%E

Ta4=A( T)%DR2/TRC %k %2

TE=A(R)%NR?

TAH=FXP(=T5) . :
P=(TRC+T1+T2+T3)*DR+T4*DR*(L.O+TS)*T6‘
nP:TRC+2.0*T1+3.0*T2+6.0*T3+T4*T6*(3.0+3.0*T5—2.0*T5
®%T§) : _ T
PR1=NR~(P-0.270%PRC) /NP
TF(NR1) 16,4,16,17 :
NR1=0, 5xNR ~
TF(PR1~-2,2) 19,19,18

MR 1=NR+0,9%(2,2=NR) _
TF(ABS(NDR=NR1)=-0400001) 21,220,720
NPR=NR . o
7=0.270%PRC/{DR1*TRC)

CONTINUF

RFTURN

FND
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SUBROUTINE  VISCO .

SUBROUTINE VISCO(TEM,PRE yAVFMW,NENS,VISM)

THIS SUBRNUTINE CALCULATFS THF VISCOASITY OF

THF GAS MIXTURFE | TN

VK= (9. 440 .0 2% AVEMW ) % TEM#35 1 5/ (20940419 . 0%AVEMW+TEM)
VX=3.5+986 .0/ TEM+0,01%AVFMW -

WY=2.4-0.2%VX

VY1=VXADENSRXVY -
VISM= VKXFXP(VY1)/10000.0

RFTURN
FND ) _ . -
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SHHROUTINF’ FRICT.

Dy

SUBROUTINE FRICT(F,DIAM,FF,REN)

THIS SUBRNUTINE CALCULATES THE FRIGTIAN FACTOR

NDIMENSTION G(100)

C=ALOG(10.0)
RR=F/DIAM -

TF(RR) 28,28,27

RENCR=3200,0/RR

TF(REN-RFNCR) 28,32,3>"

X=0,0R

NO 30 1=1,100

X1=RR/3.7+2., 51/(RFN*X)
X2=ALNG(X1)/2.302585

FX=1e0+2,0%X5X2

FXN=2,0%X2-5, 02/(REN*X*X1*C)
G1)=X=-FX/FXD.

X=G( 1)

TF(I-1) 30,30,29 o
TF(ABQ(G(I)—G(I 1))-0. 0000014 31,31, 30
CONTIMIF ‘ _
FF=X3xX

GO TO 33

FF=1,0/(2.0%ALNG(3.7/RR) /2, 302585)**?
RETURN .

FND Y
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SUBRNUT INE  OQSF

"SUBROUTINF OSF(H,Y,Z ,NNIM)

THIS SUBROUT INF NOES THF NUMFRICAL INTEGRATION
NF A GTVFEN FUNCTION HSING SIMPSAN'S RULF AND

NEWTON'S 3/8 RULF

NIMFNSION Y(6),Z(5) .
MT=.3333333%H |
TF(NDIM=5)7,8,1

TF NDIM IS GREATFR THAMN 5
PRFPERATIONNS NF INTEGRATION LONP

SUML=Y(2)+Y(2)
SUM1=SUMI+SUM]

SUM] = HT*(Y(1)+SUM1+Y(3))

AIX1=Y{4)+Y(4)

AUX1=AUX1+AUX]

AUX1=SUML+HT#(Y(3) +AIX1+Y (5))

AUX?2=HT%(Y(1)+3, 875*(Y(?)+Y(5))+? 6?5*(Y(3)+Y(4))
X+Y (6)) A

SUM?2=Y(5)+Y(5)

SUM2= SUM2+ SUIM2 '
CSUM2=AUX2=HT* (Y (4 )+SIIM2+Y (6) ) : A
7(1)=0

AUX= Y(3)+Y(3)

AUX=AUX+ AUIX

702)=SUMP=HT* (Y (2 )+AUX+Y (4T)

7(3)=%1M1 _ .
7(4)=SUIM? ’

TF(NDTM=415,8,2 -

CINTEGRATIOAN LONP

NN 4 T=7,NNDIM,2
SUMI=ALIX1 _
SUMP2 =ALIX? o '
AUXTI=Y(TI-1)+Y(1-1) : ‘
AUX1=AUX1+AUX1
AUX1=SUMI+HT*(Y (I~ 2)+AHX1+Y(I))
7(1-2)=SuUM1

© TF(I-NDIM)3,6,6

3 AUX?2=Y(I)+Y(])

CAUX?2= AUX2+ AUX2

AUX2 =SUM24+ HT* (Y (I ~1)+AUX2+4Y (T+1))
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SURRNUTINFE  OSF  © ... (CONT!N)

4 7(1-1)=StIM2

5 7(NNDIM=-1)=AUIX]
7 (NDIM)=A1IX2
PFTIRN

A 7INDIM=1)=SUM?
7(NDIM)=AlIX]
PETIIRN

FNPY (OF INTFGRATINN LNOP

7 TE(NDTM=3)12,11,8

MDIM TS FOUAL TN 4 DR S

a q”Mp_].17g«HT*(y(1)+y(7)+Y(7)+Y(7)+Y(3)+Y(3)+Y(3)
x+Y(4))
SUMYI=Y(2)+Y(2).
SUMTI=SUMI+SUM] _
SUML=HT* (Y (1)+SUM1+Y(3))
7(1)=0
Aux1-v(3)+v(3)
AUX 1= AUXTHAUXD |
“7(2)=SUM>= HT*(Y(7)+AHX1+Y(4))
TF(NDTIM=5)10,9,9
9 AUXI=Y(4)+Y(4)
AUXT=ALIX 1+ AUX]
 7(5) =SUMLHHT® (Y (3 ) +AUX T+Y (5) ) ' :
10 7(3)=SHM1 . .
7(4)=SHIMD _ ' _
RETURN , .

NDIM TS FOUAL TN 3

11 SUMI=HT#(1 «255Y (1)+Y(2)4Y(2) =, 28%Y(3)) :
- SUM2=Y(2)+Y(2) ' S i
SUM? =SUMP+ SUM2 | |
CO7(3)=HTH(Y( 1)+ SUM2+Y (3))
S 7(1)=0 »
; 7(23=SUML .
12 RETIRN
FND



